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ee prysics today means electronics, nuclear energy, 
radar, and television. These developments of the last 
few years have quickly become necessities of ordinary living. 
Consequently, with this revision of MODERN PHYSICS, 
the authors have particularly stressed these topics, along 
with alternating current electricity, radio transmission and 
reception, and the modern uses of X rays. However, the 
importance of the fundamental concepts in the fields of 
mechanics, light, heat, and sound has not been lessened. 

In preparing this new edition, the authors have not 
changed the method of approach. They feel that these steps 
are essential: 

1. The topic is stated or a question is raised. 

2. Some incident with which the student is familiar is 
used as an introduction. 

3. The physical principle is then discussed or explained 
in language simple enough for a beginner to understand. 

4. The way in which the principle is utilized is shown by 
the use of one or more applications. 

Such a:method arouses interest by its inductive approach ; 
its simplicity makes it easy to understand; it is practical 
because it introduces so many appliances used every day. 
“As in former editions, many of the illustrations are line 
_ drawings. These have been used abundantly because they 
are usually better teaching aids than photographs. It would 
be difficult to teach the operation of a steam turbine, a 
Diesel engine, or a generator from photographs. But line 
drawings, which emphasize the important details, get the 
point across readily. The drawings in this edition have been 

revised to make them completely modern. 

Many photographs have also been used. They give the 
pupil an excellent idea of the appliances which are applica- 
tions of physical principles. Those depicting the newest 


developments in industry and engineering have been selected. 
iii 
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Word illustrations have been used consistently to make 
this book more readable. They emphasize the fact that 
physics is a science which is rich in human interest. Some 
historical references have been included for the same reason. 
Pupils should get to know the names and contributions of 
famous scientists. In several cases the effect of the study of 
physics on economic conditions is pointed out. 

In this edition, the authors have brought out clearly the 
difference between mass and weight. Modern abbreviations 
for physical quantities have been used consistently. 

The time is more than ripe for a change of electrical wiring 
diagrams to conform with the electron-flow theory. Until 
physicists agree on such a change, however, it would cause 
confusion for the authors of one book to make such a change. 
Wherever practical in the preparation of this edition, though, 
the electrical wiring diagrams indicate the direction of 
electron flow, as well as the conventional indication of current 
flow. 

In writing this book the authors have constantly tried to 
keep the pupil’s point of view in mind. The language is 
simple, and the explanations are full enough to enable pupils 
to understand those topics which sometimes a ppear difficult. 
The book has all the material needed to meet the College 
Entrance Examination Board requirements. It can also be 
used with non-college groups in differentiated courses. 

Some topics are starred (x) to indicate that they may be 
omitted, The final selection is left to the instructor, who 
will find it easier to omit certain topics than to ad 
material. 

Among the aids to pupils are the word and picture illus- 
trations which have already been mentioned, In addition, 
previews give the pupil a glimpse of each unit. These pre- 
views have been written to reveal the 
each of the various fields of physics. 
each chapter the pupil will find 
Every new type of mathematical 


a sample problem is solved for 
insures a more com 


physics, but it also 


d new 


sweep of progress in 
At the beginning of 
a glossary of new terms. 
problem is explained, and 
the pupil. This not only 
plete understanding of mathematical 
illustrates the analytical approach to 
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problem solving. Formulas are included for those who prefer 
to use the formula method. A complete list of all formulas 
is given in Appendix A. 

The summaries, found at the end of each chapter, are 
useful for emphasis and review. And the questions, which 
also appear at the conclusion of each chapter, are thought- 
provoking. They stress the many ways in which physics 
plays a part in the pupil’s daily life. They also serve to test 
his ability to apply physical principles. More mathematical 
problems are included than any one pupil is expected to 
solve. The problems are graded so that the instructor can 
adapt them to groups of different ability. The average pupil 
should be able to solve all the problems in Group A. The 
problems in Group B are intended for the superior pupil, 
or they may be used for extra credit. Appendix B contains 
tables of essential data needed by the pupil in elementary 
physics. These have been checked for accuracy, and cor- 
rected in all cases where more recent data were available. 


January, 1951. H. C. M. 
W. O. B. 
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F ALL THE SCIENCES, PHYSICS IS BASIC. IT IS THE 

fundamental science because all the other sciences 
use its principles in their own special fields. Without physics 
to help you, you can’t become a chemist, biologist, geologist, 
engineer, or doctor. Because physics takes up the study of 
matter and energy, two basic things in everyday life, it 
helps every scientist in his work, no matter what field he 
specializes in. 

You'll begin physics by taking up mechanics, learning the 
ways forces act on bodies. We think that the ancient Egyp- 
tians must have known a great deal about mechanics. They 
may have used some great ramps or inclined planes to raise 
the stones for the Pyramids into place. After the Pyramids 
were finished, slaves probably dug away the ramps to leave 
the monuments as we know them now. 

The Greeks made some outstanding discoveries in the 
field of mechanics, too. Over two thousand years ago Archi- 
medes discovered the laws governing floating bodies. Today, 
Archimedes’ Principle is as accurate a statement of these 
laws as there is. 

The Romans were the great engineers of the Ancient 
World. They used many Greek ideas, but they had great 
practical building skill as well. Some of the roads they built 
are still used today. Their great aqueducts brought water 
from streams sometimes sixty miles away from their cities. 
But the Romans did not spend their time experimenting in 
laboratories. They were extremely practical, and wanted 
results they could use immediately. 

During the Renaissance Period, or the time of the four- 
teenth and fifteenth centuries, physics began to take more 
definite shape. Many of the theories and teachings of the 
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ancients were found to be false or misleading, and had to 
be corrected. Two of the pioneers of modern physics as we 
know it were Galileo Galilei and Robert Boyle. Galileo de- 
vised an experiment to show that the pressure of the atmos- 
phere makes liquids rise in tubes with vacuums in them. 
Boyle discovered the fact that the space a gas takes up 
varies inversely with the pressure on the gas. This is called 
Boyle’s Law, and you'll study it in this first unit. 

Today, of course, we are living in a time when new dis- 
coveries in science are commonplace. Yet each and every 
discovery is important to our futures. Physics contributes 
to almost every one, for that matter. And it was physics 
that opened up the field of nuclear studies leading to the 
atomic bomb. But the forces this explosion can set loose 
must be put to productive uses rather than destructive ones, 
and physicists are now trying to find ways to use atomic 
energy in industry and the home. Should you decide to con- 
tinue working in physics, you may some day work on this 
problem. It offers a new challenge that men must accept, 
just as men long ago also accepted the challenges put to 
them by physics. 


Unit One 
Chapter 1 


Matter and lts Properties 


1. Introduction 


1. Physies in your world. Did you 
ever stop to wonder at the amazing de- 
velopments of science in your world? 
Today regular airplane flights cross the 
continent in less than eleven hours, or 
take you overnight from New York to 
London. Experimental airplanes fly 
even faster than sound! Television sets 
are in many American homes, bringing 
news events to you as they actually 
happen, or providing you with enter- 
tainment rivalling the movies. 

Rockets used in research penetrate 
the upper layers of our atmosphere at 
100-mile heights. In California the new 
200-inch telescope will enable man to 
detect. stars a billion light years away. 
It may help decide many fundamental 
questions about the nature of our uni- 
verse. We talk across the hall, or across 
a continent or ọcean by telephone with 
equal ease. Radio news broadcasters 
bring in on-the-spot reporters from 
over the world in nightly news round- 
ups. Untold sources of power await the 
industrial harnessing of nuclear energy. 
To accomplish such results, our engi- 
neers must have a knowledge of the 
science of physics. 


Possibly you find many questions 
from day to day to which you would 
like an answer. “What makes the 
water flow out of the tap when the 
faucet is opened?” “How does elec- 
tricity get to your home, and how does 
it produce heat and light, or turn an 
electric motor?” “What makes your 
automobile engine run?” “ What causes 
the wind to blow?” “ Why do you slip 
on wet pavements but not on dry 
ones?” “How does your clothing keep 
you warm?” “How does the sound get 
from your teacher’s lips to your ear?” 
“How does the heat get from the fur- 
nace in the basement to the radiators 
in your schoolroom?’’ If you study 
physics, you will find the answers to 
such questions. It is the province of 
physics to answer the questions 
“Why?” “How?” and “What?” 
which are constantly arising. 

2. What is “‘science’’? The word 
itself comes to us from the Latin word 
scientia, which means knowledge. But 
our word “‘science” means more than 
knowledge. Science has been defined 
as classified knowledge. It is the work 
of the scientist to accumulate knowl- 


Vocabulary ea SD, 


Marren, anything that takes up room and 
has weight. 

Enerey, capacity for doing work. 

InerRTIA, disinclination of matter to move or 
stop moving. 

Densiry, mass per unit volume. 


Mass, measure of the quantity of matter a 
body contains. 

Weicut, measure of the earth’s attraction 
for a body. 

Tueory, a partially verified explanation or 
analysis of natural phenomena. 


edge, to classify it, to card-index it so 
that it will be usable, to formulate 
certain laws and principles that per- 
tain to it, and to compare the relation- 
ships of the various fields of knowledge. 

Many persons find it difficult to give 
good definitions. Suppose we are asked 


Courtesy of the University of Pittsburgh 
Fig. 1. A technician is adjusting this cyclotron before bombardment to break up atoms. 


with matter and energy and also with 
physical changes in matter. It is true 
that such sciences as chemistry and 
geology also deal with matter and en- 
ergy, but they do not deal particularly 
with the physical changes in matter. 

There are six subdivisions or major 


TRE — i" 
to define the word “sled.” In what class units in physics: mechanics, heal, sound, 


shall we put it? It is a vehicle. How! 


does it differ from other vehicles? It 
has runners. Hence, a sled is a vehicle 
that has runners. Suppose we try to 
define botany. In what class do we 
find it? Botany is a science. How does 
it differ from other sciences) It deals 
with the study of plant life. Hence, 
we cannot be far wrong if we define 
botany as that science which deals 
with the study of plant life. You will 
find less trouble with your definitions 
if you make them try to answer the 
two questions: (a) To what class does 
it belong? (b) How does it differ from 
everything else in that class? 

3. What is this study which we 
call physics? In which class of studies 
do we find it? It is a science. How does 
it differ from other sciences? It deals 


light, electricity, and nuclear physics. 


\ We will study them in this order. 


4. What is matter? Since physics 
deals with matter, let us pause to in- 
quire what we mean by matter. Wood, 
iron, copper, gold, and salt are all 
examples of matter. The liquids are 
also included; the gases, too, are ex- 
amples of matter. We may define maller 
as anything that takes up room and has 
weight. A tire goes down after a punc- 
ture, so air must have filled the space. 
And in Chapter 3 we will see that air 
has weight, like all matter, 

5. What is energy? We did not in- 
clude heat, light, and electrical waves 
as examples of matter. They do not 
take up room, and we would find it 
difficult to weigh them. They are really 
forms of energy. One usually defines 
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energy as the ability to do work. Man 
puts heat energy to work in a steam 
engine. In many cases we call upon 
electrical energy to do our work for us. 
The photographer uses light energy 
when he exposes a film or plate. 

6. What is the structure of mat- 
ter? Theoretically, a piece of marble 
may be broken into two pieces, those 
two into four, and so on to infinity. In 
reality, no kind of matter can be sub- 
divided beyond a certain point with- 
out losing its identity. Water may be 
split up into two gases, but when this 
happens it loses its characteristic 
properties. The smallest. particle into 
which matter can be subdivided with- 
out destroying its characteristic prop- 
erties is called a molecule. 

The ordinary molecule has never 
been seen. It is too small to be revealed 
by even the best microscope. But, cer- 
tain virus molecules, containing thou- 
sands of atoms, have been viewed with 
the powerful electron microscope. If 
a drop of water were magnified until 
it was the size of the earth, and its 
molecules correspondingly increased, 
they would be about the size of base- 
balls. It has beén learned that one liter 
(about one liquid quart) of air contains 
2.7 X 102 molecules. If you will write 
the figure 27, followed by 21 zeros, 
you may have amuch better idea of the 
minute size of these particles. An adult 
in deep breathing may inhale about 
four times that number of molecules 
at a single inhalation. 

As we inflate an automobile tire to 
a pressure of 30 Ib. per sq. in., we are 
merely pumping more air molecules 
into the tire. It is possible to pump 
into such a tire two times as many 
molecules as it had contained, three 
times as many, ten times as many, or 
even more than that if the tire is strong 


enough so that it will not burst under 
the increased pressure. We are crowd- 
ing the molecules together more closely, 
or reducing the distances between 
them. Despite the enormous number 
of molecules present in such a tire, we 
must conclude, as we crowd so many 
more into the same space, that they 
could not have been even relatively 
near neighbors. 

The tiny molecules are made up of 
even smaller particles called atoms. We 
may change matter in any way we see 
fit, but if we do not break up the mole- 
cule, we have a physical change. In the 
science of physics, the molecule is the 
unit of matter. 

If we break matter up into its atoms, 
we have a chemical change. The chem- 
ist’s unit of matter is the atom. In 
the laboratory, the chemist builds up 
new molecules from atoms, he breaks 
up complex molecules into atoms, or 
he rearranges the atoms in the mole- 
cule. By the use of the X rays, scien- 
tists have learned how the atoms are 
arranged in certain molecules. For ex- 
ample, ordinary table salt has the 
orderly structure which is shown in 
Fig. 2. The large and small spheres 
represent chlorine and sodium, of which 
the salt is composed. 


Sodium’ ~X; 
Chlorine” 


Fig. 2. Common table salt is composed of sodium 
and chlorine, 
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Until about the beginning of the 
twentieth century, scientists believed 
that the atom could not be subdivided 
and that it was homogeneous through- 
out. The discovery of the X ray and 
the isolation of radium forced us to 
change our views. Chemists and physi- 
cists are certain that the various kinds 
of atoms are complex structures. We 
picture the modern atom as having a 
nucleus made up of electrically charged 
particles. Those electrically charged 
particles which have a positive, or plus, 
charge are called protons. Every pro- 
ton has almost the same weight as 
that of the hydrogen atom. There are 
also some particles in the nucleus of 
the atom that do not carry an electrical 
charge. They are called neutrons. Sur- 
rounding the nucleus, and probably 
moving around it in a cloud-like forma- 
tion, similar to the manner in which 
honey bees swarm around a hive, there 
are some extremely minute particles 
known as electrons. (See Fig. 3.) Each 
electron carries a charge of negative 
electricity. The hydrogen atom is the 
lightest atom known, but it is 1846 
times as heavy as an electron, 

7. There are three states of mat- 
ter. Everyone knows that matter can 
exist in three states: solids, liquids, and 
gases. Solids have a definite volume 


Fig. 3. The oxygen atom has 8 electrons in 
orbits or energy levels of 2 and 6. It has 8 
protons and 8 neutrons in the nucleus, 


and a definite shape; liquids have a 
definite volume, but they take the 
shape of the containing vessel; gases 
have neither a definite volume nor a 
definite shape. Gases not only take the 
shape of the containing vessel, but they 
expand and fill the vessel, no matter 
what its volume. In solids, the mole- 
cules cling quite firmly together and do 
not change their relative positions 
readily; hence solids have a definite 
shape. In liquids, the attraction be- 
tween the molecules is less, and they 
slide over one another quite readily. 
For this reason, liquids change their 
shape unless they have lateral support. 
Tn gases, the molecules move so freely 
that they tend to separate; hence the 
indefinite expansion. 

It is rather difficult to classify a sub- 
stance like sealing wax, which breaks 
when struck a sharp blow, but, flows 
under pressure. Both liquids and gases 
flow freely; hence both are called fluids, 
from the Latin word fluere, which means 
to flow. A liquid that flows easily is said 
to be mobile; such a substance as tar, 
which flows slowly, is said to be viscous. 

Since heat causes the molecules to 
move more rapidly, an increase in 
temperature promotes fluidity. Motor 
oils that are quite viscous in cold 
weather become quite mobile in 
summer. In fact, an increase in tem- 
perature may convert a solid first into 
a liquid, and then into a gas or vapor. 
Water readily changes to ice, a brittle 
solid, if cooled to 32° F.; when its 
temperature is increased to 212° F., 
water is converted into steam, which 
is a gas or vapor. Even such a solid as 
iron can be melted or even changed to 
a gas by heating it to a very high tem- 
perature, 

8. Changes take place in matter. 
Many changes are constantly taking 
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place in matter. Wood burns; water 
freezes; salt dissolves in water; milk 
sours. These are merely examples of 
hundreds of changes occurring daily. 
Changes in matter are of two kinds, 
physical and chemical. If the identity 
of a substance is not lost, the change 
is physical; if a new substance with 
new characteristic properties is formed, 
the change is chemical. When milk 
sours, it loses the characteristic prop- 
erties of sweet milk. Such a change is 
chemical. The burning of wood is also 
achemical change. When water freezes, 
its composition is not changed at all. 
By raising the temperature we can re- 
convert it to its former state. Such a 
change is physical. Physics deals with 
physical changes in matter; chemistry 
deals with chemical changes. 

9, Is matter indestructible? If we 
weigh a block of ice, melt it, and weigh 
the water which is formed, we find that 
there is no change in weight. Vo matter 
has been lost. The chemist may let a 
piece of iron rust, and then recover the 
iron from the rust. It will have the 
same weight as the original piece of 
iron. We may change the form of 


matter or change its state. We can- 
nol destroy matter by means of any or- 
dinary physical or chemical change; 
neither can we create malter. This law 
of the conservalion of matter is gener- 
ally true. However, Einstein predicted 
that matter on an atomic scale can be 
converted into energy. Such conversion 
of matter into energy accounted for the 
destructive force of the atomic bomb. 

Energy and matter are related by 
Einstein’s famous equation, E = me’, 
where Æ is energy, m is the amount of 
matter, and c is the velocity of light. 

10. Differentsubstances have dif- 
ferent properties. Some properties, 
weight and volume, for example, are 
common to all substances. They are 
spoken of as general properties. There 
are also many special properties which 
are common to certain substances only. 
We identify substances by studying 
their special properties. The use to 
which a substance is put depends upon 
its special properties. Since steel is 
hard and can be tempered, while tin 
is soft, we make knife blades of steel 
instead of tin. We use diamonds to cut 
extremely hard rock. 


2. General Properties of Matter 


11. What is volume? If matter oc- 
cupies space, it must have length, 
breadth, and thickness. In other words, 
matter has volume. When we studied 
arithmetic, we learned how to find the 
volume of rectangular solids direcily 
by obtaining the product of their 
length, breadth, and thickness. By the 
use of an indirect method in the labo- 
ratory, we shall learn how to find the 
volume of any solid, no matter how 


irregular it may be. Liquids and gases 
also occupy space and have the prop- 
erty of extension, or volume. 

12. What is meant by mass? Sup- 
pose that we have a certain object. It 
contains a definite quantity of matter. 
The measure of the quantity of matter 
which a body contains is called its mass. 
The mass of a body does not vary. We 
may squeeze a body and reduce its 
volume, but the quantity of matter in 
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it remains the same. We may take the 
body up on a high mountain, or even 
to the moon or the sun, but its mass 
will remain constant. 

13. What is weight? If we release a 
ball, it falls to the ground. We say that 
it is attracted to the earth by the force 
of gravity. When we find the weight 
of an object, we are merely measuring 
the attraction of the earth for that 
body. The weight of an object. depends 
upon two things: (a) the mass or 
quantity of matter that it contains; 
(6) the measure of the earth’s attrac- 
tion for it. The first does not vary, for 
an iron ball will contain the same quan- 
tity of matter at any place, either at 
the surface of the earth or 100 miles 
from the surface. But the second factor 
does vary, for the earth’s attraction 
for a body will be less upon a mountain 
than in a valley, and an object will 
weigh less 100 miles above the surface 
of the earth than it does at the surface, 
Weight is defined as the measure of the 
earth’s attraction for a body. Commonly, 
however, the mass and weight of a 
given object are numerically equal. 

14, Impenetrability is a general 
property. Two autos cannot be in the 
same spot at the same time. We can- 
not pour water into a bottle through a 
narrow opening unless we make some 
provision for the air inside the bottle 
to escape. The air takes up room. A 
nail driven into a board does not pene- 
trate the wood, but it pushes the fibers 
of the wood aside. From such ex- 
amples, we must conclude that no two 
objects can occupy the same place at 
ihe same time, because maller is impene- 
irable. 

; We can make use of the property of 
impenetrability to find the volume of 
an irregular solid. We put into a gradu- 
ated cylinder enough water to cover 


the irregular object and note the mark 
to which the water rises, as in Fig. 4, 
As we then lower the solid into the 
water, the displaced water will rise to 
a higher level. The difference between 
the two graduation marks equals the 
volume of the water displaced. The 
volume of the water displaced just 
equals the volume of the irregular 
solid. We can find the volume of any 
insoluble, non-porous solid by this 
method. 

15. What is porosity? All matter is 
more or less porous. The large pores 
of the sponge cannot escape detection. 
The pores of an unglazed brick are not 
so obvious, but water readily finds its 
way through the brick. Cistern water 
is often filtered through brick. Iron 
and silver have still smaller pores, but 
water under enormous pressure can be 
forced through even these. When given 
quantities of alcohol and water are 
shaken together the combined volume 
decreases slightly, due to the porous 
nature of these liquids. Some of the 
alcohol molecules occupy the spaces 
between the water molecules, and vice 
versa. 

16. Whatismeant by inertia? You 
board a car or a bus, find the seats all 
occupied, and grab a strap for support. 
When the car starts forward suddenly, 
you are jerked backward. Your body 
was at rest while the car was standing 


Fig. 4. Because the solid is impenetrable, it dis- 
places its own volume of water. 


MATTER AND ITS PROPERTIES 


Fig. 5. Because the coal on the moving shovel has inertia, it continues on into the furnace after the 
shovel has stopped moving. How does the inertia of coal resting in a bin let you scoop up a shovel- 
ful? Try to think of some more practical applications of inertia, too. 


still, and a body at rest has a tendency 
to remain at rest. Your body was inert, 
or inactive, and the car seemed to be 
trying to go forward and leave you at 
rest. If the car stops suddenly, you 
lurch forward. Your body was in mo- 
tion with the car, and, when the car 
stops, your body tends to keep on moy- 
ing. Matter has no ability in itself to 
move or to stop moving. Matter is 
inert, which means that it is inactive 
or lazy. Since ail matter has the prop- 
erty of inertia, bodies in motion tend 
lo remain in motion and bodies at rest 
tend to remain at rest. It requires some 
force, such as a push or a pull, to over- 
come the inertia of a body and set it 
in motion or stop it if it is in motion. 
We have defined mass as the measure 
of the quantity of matter which a 
body contains. Mass is more accu- 
rately defined as that property of an 
object by virtue of which it possesses 
inertia. 

There are many examples of inertia. 
A car going 50 miles per hour strikes a 
tree. The driver is likely to continue 
on forward and be thrown through the 


windshield. If one leaps from a rapidly 
moving car, he is likely to fall in the 
direction in which the car was moving, 
because inertia pushes his body for- 
ward, while his feet are stopped by the 
friction of the pavement. 

Many times inertia is put to practical 
use. We stand in front of a furnace with 
a shovelful of coal. As we swing the 
shovel and coal forward toward the fur- 
nace door, both the shovel and the 
coal are in motion. Then we stop the 
shovel, but, on account of its inertia, 
the coal continues on into the furnace. 
(See Fig. 5.) In running a sewing ma- 
chine, the operator pushes downward 
first with the toe and then with the 
heel. The rim of the band wheel has 
enough inertia to keep the machine in 
smooth, steady operation between such 
successive pushes. The flywheel on the 
crankshaft of a gasoline engine has a 
heavy rim to supply the inertia needed 
to keep the engine running smoothly, 
although the explosions which drive 
the engine are intermittent and not 
continuous. A steam engine has a fly- 
wheel for the same reason, 
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Courtesy of the Port of New York author-Etzy 


Fig. 6. With its approaches, the George Washington Bridge is 8700 feet in length. The steel cables, 
which are 36 inches in diameter, support the weight of the bridge. 


3. Some Special Properties of Matter 


17. What is tenacity? Let us take 
two threads, one of cotton and one of 
silk, both having the same diameter. 
In the laboratory we can test these 
threads to see which is the stronger. 
By using special machines which pull 
these threads until they break, we find 
that the silk thread can withstand 
more pull than the cotton thread. Silk 
thread is stronger than cotton thread 
of the same diameter. If we test wires 
of copper and of steel with the same 
diameter, or the same cross-sectional 
area, we find that copper is more easily 
broken than steel. We say that steel is 
more tenacious than copper. When we 
ride in an elevator, our safety depends 
upon the tenacity of the cable. The 


tenacity of any material, or its lens Ze 
strength, is measured by the force 
needed to break a rod or wire of that 
material whose cross-sectional area is 
unity, one square inch, for example. 
(See Table 7, Appendix B.) It takes a 
load of 300,000 Ib. to break a bar « >f 
high-grade steel whose cross-section a J 
area is one square inch, 

Fig. 6 shows the George Washingt on 
Bridge which spans the Hudson Riv- er 
at New York City. The steel cab] es 
that sustain the weight of the brid ve 
are 36 inches in diameter, The brid 
is 8700 feet long. 

Increasing the temperature of 
metal weakens its tensile strength | 
Metals suffer from fatigue, too. If 


se 


a 
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load is held by a cable for a long time, 
the cable may eventually break under 
the load which it held safely at first. 

18. What is ductility? (Ducere 
means fo lead.) One end of a copper rod 
is pointed so that it will pass through a 
tapering hole in a steel plate or a die. 
The small end*is then fastened to a 
wheel which, as it turns, pulls or draws 
the rod through the opening. Thus its 
diameter is reduced and its length in- 
creased. A metal that can be drawn 
into wire in such a manner is said 
to be ductile. Gold, silver, platinum, 
and iron are examples of other ductile 
metals. (See Fig. 8.) 

Wires of very small diameter are 
often made by drawing the metal 
through a tiny hole drilled in a chip 
diamond. Suck diamond dies are used 
for making the extremely fine filaments 
for use in electric light bulbs. The 
metal used is tungsten, and it can be 
drawn to a diameter which is less than 


Courtesy of the United States Steel Corporation 


Fig. 7. Cold steel is very hard and tenacious. When heated white-hot, however, it softens and can 
be easily cut by powerful shears into slabs. This photograph shows slabs of hot steel being rolled 
from the shears to the reheating furnace. 


one-sixth that of an average human 
hair. Platinum, the most ductile of the 
metals, has been drawn into wires only 
0.00003 inch in diameter. At high tem- 


_- Die of tungsten 
carbide 


=> ©Wire 


Fig. 8. The diameter of the wire is decreased as 
it is pulled through this wire-drawing die from 
left to right. What happens to its length at the 
same time? 


al 
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Fig. 9. Steel is a malleable metal. Here is a 20-ft. 
become 500 square feet of sheet steel. 


peratures glass is very ductile. Quartz 
has been spun into threads so fine that 
it is impossible to see them with the 
naked eye. 

19. What is malleability? Iron, 
copper, lead, aluminum, platinum, and 
gold may be hammered or rolled into 
sheets. (See Fig. 7.) Such metals are 
said to be malleable. Gold is so very 
malleable that it has been beaten into 
sheets so thin that it would take 250,000 
to make a pile one inch high. It would 
require about 400 such sheets to equal 
in thickness a single page of this book. 
Such thin sheets of metal are translu- 
cent; that is, they transmit some light 
through them. Fig. 9 shows a 20-foot 
slab of white-hot steel being rolled 
at high speed. This slab will make 
500 square feet of sheet steel, 

20. What is hardness? The dia- 
mond may be used to cut or scratch 
glass. Steel will cut tin or copper. We 
call a substance hard if it cannot be 
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Courtesy of the United States Steel Corporation 
slab of hot steel which, when finally rolled, will 


easily scratched or abraded. The term 
hardis only a relative one. For example, 
glass is harder than wood, but it is 
easily scratched by a diamond. Soap- 
stone, or steatite, is so soft it may be 
easily scratched with the thumb nail; 
it is often pulverized for use in talcum 
powder. When two substances of un- 
equal hardness are rubbed together, 
the harder always wears away the 
softer the more rapidly, unless the soft 
substance is driven at a high velocity. 
Hard substances, like sand, emery, 
corundum, and diamond dust, are used 
extensively for cutting, grinding, and 
polishing. 

21. What is brittleness? Glass and 
porcelain break easily when struck a 
sharp blow. A substance that is easily 
broken is said to be brittle. Students 
sometimes confuse hardness and brit- 
tleness. Glass is hard and brittle, but 
steel and some other substances may 
be hard and tough. Steel is tempered 
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to give it the proper degree of hard- 


ness; its toughness is increased by 
heating it and then cooling it slowly. 


Glassware is cooled slowly to make it 
less brittle. The process is called an- 
nealing. 


4. Measurement 


22. There are different systems 
of measurement. From earliest times, 
systems have been in use for determin- 
ing the mass of objects and for measur- 
ing their length, area, or volume. 
Scientists in the United States and in 
England use two different systems: 

1. The English system. No doubt you 
are more or less familiar with this 
system. You know the number of 
inches in one foot, the number of feet 
in one yard, the number of ounces in 
one pound, and the number of quarts 
in one gallon. It is quite probable, how- 
ever, that you may have forgotten the 
number of square yards in a square rod, 
or the number of cubic inches in one 
gallon. Some figures which you may 
need are given in Table 1, Appendix B. 

2. The metrig system. This system 
originated in France at the time of the 
French Revolution. It is a decimal 
system similar to the table for United 
States money. If the cumbersome Eng- 
lish system were abolished, any aver- 
age pupil could learn the metric sys- 
tem in one lesson, because there are 
only three words and a half dozen pre- 
fixes necessary. The meter is the unit 
of length; the liter is the unit of capac- 
ily; and the gram is the unit of mass. 
The subdivisions of each of these units 
come from the Latin prefixes: milli, 
1/1000; centi, 1/100; and deci, 1/10. 
Observe that these differ little from 
the mill, cent, and dime used in our 
monetary table. The multiples for each 


of the units in the metric system come 
from the Greek prefixes: deka or deca, 
10; heklo or hecto, 100; and kilo, 1000. 
The metric system is used more or less 
exclusively in all civilized countries 
except Great Britain and the United 
States, and it is used by scientists in 
these countries. 

23. The metric tables. Lengths, 
areas, and volumes. All of the units 
of the metric system are based upon 
natural standards, The meter was in- 
tended to be exactly 1/10,000,000 of 
the distance from the earth’s equator 
to either pole. Because of a slight error, 
it equals that distance only approxi- 
mately. By definition, the standard 
meter equals the distance, measured at 
0° C., between two parallel lines 
scratched on a platinum-iridium bar 
kept at the International Bureau of 
Weights and Measures at Sévres near 
Paris. From this standard, hundreds 
of copies have been made. Our stand- 
ard meter bar is kept at the Bureau of 
Standards in Washington, D.C. The 
pupil in his study of physics will find 
the following table useful: 


10 millimeters (mm.) make 1 centimeter 
10 centimeters (cm.) make 1 decimeter 
10 decimeters (dm.) make 1 meter (m.) 


He will also need to know that there 
are 1000 meters in one kilometer (km.). 
Since we have two systems, it is de- 
sirable to know the values of the met- 
ric units when compared to the Eng- 
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Inches 
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linch= 2.54 centimeters 


Centimeters 
au 


1 centimeter = 0.394 in. 


Fig. 10. The centimeter is nearly 0.4 of an inch in length. One inch equals 2.54 centimeters, 


lish. The meler equals 39.37 inches; the 
yard equals 389° of a meter. One inch 
equals 2.54 cm. One centimeter is ap- 
proximately 0.4 of an inch. It is a small 
unit. (See Fig. 10.) 

For measuring areas or surfaces, the 
square meter or the square centimeler is 
generally used. (See Fig. 11.) A floor 
3 meters long and 2 meters wide has an 
area of 6 square meters. For measuring 
volumes, the cubic meter is used. A box 
2 meters long, 1 meter wide, and 1.5 
meters deep has a volume of 3 cubic 
meters. Vessels used for measuring 
liquids are often graduated in cubic 
centimeters (cc.). The abbreviation 
cm.? is often used instead of cc. One 
cubic centimeter is practically equal 
to one milliliter (ml.). 

Capacity. If we construct a cubical 
box whose inside dimensions are 10 cm. 
on each side, that. box will hold exactly 
one liter. In the United States, we use 
a dry quart measure for measuring 
berries and vegetables, and a liquid 
quart for measuring milk or gasoline, 
The dry quart is about 10 cu. in. bigger 
than the liquid quart. The liter is used 
for measuring solids, liquids, or gases; 
it is smaller than our dry quart, but 


1 sq. in. 
equals 6.45 


Fig. 11. Comparison of 
sq. cm. 


the mettic and English 
units of area. 


a little larger than our liquid quart. 
The liter is equivalent to 1000 cc., or to 
1 cu. dm. The same prefixes that are 
used in the table for lengths are used 
in the table for capacities in the metric 
system. (See Fig. 13.) 

Mass. The cubical box mentioned 
in the preceding paragraph will hold 
exactly one kilogram of distilled water 
measured at a temperature of 4° C. 
From such knowledge we can derive 
the other metric units of mass. One 
liter of water, or 1000 cc., has a mass of 
one kilogram. Therefore, one cubic 
centimeter of water has a mass of one 
gram. Both the gram and the kilogram 
may be used as standards of mass in 
the metric system. In deriving other 
mass units, the prefixes milli, centi, 
deci, etc. are used. The metric ton 
(M.T.) is sometimes used; it is equal 
to 1000 kilograms. 

The gram (g.) is a tiny unit. A new 
five-cent piece has a mass of almost 
exactly 5 grams. The kilogram (kg.) 


equals 2.2046 lb. Fig. 14 shows the 
relative sizes of the pound and the kilo- 
gram. (See Fig. 15.) 


Fig. 12. The cu- 
bic inch contains 
more than 16 cu- 
bic centimeters. 


é 
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1000 cc. 
67.20 cu. in. || 61.03 cu. in. 
| 


Fig. 13. The U.S. dry quart measure is larger than the liter, but our liquid quart is slightly smaller. 


24. How do we measure time? In gram-second (C.G.S.) system of meas- 
both systems of measurement, the urement. The English system is known 
second is the unit of time. The metric to scientists as the fool-pound-second 
system is often called the centimeter- (F.P.S.) system. 


5. Density 


25. What is meant by density? of each substance. The unit of volume 
Sometimes we hear one say that lead selected for use in the metric system _ 
is heavy or that cork is light. Such a is one cubic centimeter. Hence, density 
statement means little. A cubic foot of is expressed in grams per cubic centi- 
cork is heavier than a cubic inch of meter. This is abbreviated g. per cc., 
lead. Of course one cubic inch of lead or g./ce., for convenience. 
is heavier than one cubic inch of cork. To find the density of any substance 
If we wish to be exact, we may say we first determine its mass by compar- 
that lead is denser than cork. Suppose 
we have certain blocks containing ex- 
actly one cubic foot of each of the 
following: lead, iron, wood, cork, and 
balsa. If they are counterbalanced 
with known masses, we find the masses 
of equal volumes decidedly different. 
The mass of a unit volume of a substance 
is called its density. We could have 
found the mass of one cubic centimeter 


te 


Courtesy of the National Bureau of Standards 


Fig. 15. The standard kilogram is almost inde- 
Fig. 14. The kilogram is more than twice as structible. It is kept at the Bureau of Standards in 


heavy as the avoirdupois pound. Washington, D.C. 
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1 cu. ft. iron 1 cu. ft. wood 1 cu, ft. cork 1 cu. ft. balsa 


Fig. 16. Different substances have different densities, or different masses per unit volume. 
ae pez 
A 


ison with known masses on a balance. A 


( mor dy =m 

. a = . 

Then we find its volume, either directly v a , 
or indirectly. Next, we divide its mass Mañyti Shall have occasion 


by its volume to find the mass of the to make use of the density of water, 
unit volume. In the metric system the densily of water 
is one gram per cubic cenlimeter, or 1 g. 
Example. A block of wood has amass of per cc. In the English system, water 
180 g. Tt is 10 cm. long, 6 om. wide, and has been found to weigh 62.4 pounds 
4cm. thick. Its volume is 240 cc. (10 cm. X cubic foot 
6 cm. X 4 cm.). If 240 cc. of wood havea P z 3 ized 
mass of 180 g., then 1 cc. has a mass of These numbers should be memorize 
240 8» or 0.75 g. Therefore, the density by the student. 


of the block is 0.75 g. por co. Prostem. A gold brick is 15 cm. long, 


10 cm. wide, and 5 cm. thick. If gold has 
We may derive a formula for usein a density of 19.3 g./cc., calculate the mass 
solving problems involving density, of the brick. i 
The letter d represents the density, the Solution. The yolum 18 ona Aes ni 
letter m represents the Mass, anil the product of the length, breadth, and thic 


ness. In this case it is 750 cc. Since mass 
letter v the volume. Then we have the equals density times volume, then 750 X 
formula, 


19.3 g. = 14,475 g., the mass. 


Physics is a science Which-treats-of matter and energy. It deals with 
physical changes in matter, 

Matter is made up of very small particles called molecules, The 
molecule, which is the unit in physical changes, is made up of atoms. 
The atoms in turn contain still smaller particles called protons, neutrons, 
and electrons. The molecules of matter are always in motion. An increase 
in temperature increases molecular motion. 

As the result of a physical change a substance does not lose its char- 
acteristic properties; a chemical change causes a substance to lose its 
identity. 

Matter exists in three states: solids, liquids, 
a definite volume and a definite shape; 
but they take the shape of their contain 
volume nor a definite shape. 

Certain properties, such as inertia, impenetrability, extension, mass, 
and indestructibility are common to all matter. Such s 
as ductility, malleability, tenacity, 
to certain substances. 


oe ) 
A Summary 
ee 


and gases. Solids have 
liquids have a definite volume, 
er; gases have neither a definite 


pecial properties 
hardness, and brittleness are peculiar 
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The-studentshould memorize the following-metrie-English-equiya- 
lents: 1 m, equals 39.37 in.; 1 in. equals 2.54 cm.; 1 kg. equals 2.2 lb. 


Other equivalents are given in Appendix B. 
The density of a substance is the mass of a-unit-volume-ofthat-sub-——_ 


stanee. The student_should_ remember 


cc. of water has a mass 


of 1 g.; also that 1 cu. ft. of water weighs 62.4 lb) For solving problems, 


the following formula is useful: 


How many of the following terms can you define or explain? 


Matter Volume Inertia 

Energy Mass Tenacity 

Molecule Weight Ductility 

Atom Gram Tensile strength 

Homogeneous Liter Malleability 

Nucleus Gravity Hardness 

Proton Mobile Brittleness 

Electron Viscous Neutron 

Solids, liquids, and gases Impenetrability Meter 

Fluid Porosity Density 

Conservation of matter Physical change Chemical change 
QUESTIONS 


1. What is matter? What is energy? 
Can they be converted from one to the 
other? 

2. What are the fundamental particles 
of which an atom is composed? Of what is 
a molecule composed? 

3. Give three examples of physical 
changes. What are three chemical changes? 

4. Describe these materials in terms of 
their properties: a silver spoon, a block of 
balsa wood, a crystal of rock salt. Which 
of these properties are physical? Which are 
chemical? 

5. What are the three states of matter? 
Give five examples of each. 

6. Will a man’s weight be the same at 
an altitude of 70,000 ft., as at sea level? 
Will his mass? Explain. 

7. Describe how the inertia of a fly- 
wheel keeps a small gasoline engine run- 
ning smoothly. 

8. Gases of low density such as hydrogen 
and helium can pass through exceedingly 
small openings. What property must the 
material used in the construction of lighter- 


than-air craft possess? (See Fig. 110, 
page 83.) 

9. Why does a carpenter first bore a 
small hole through pieces of wood which he 
wishes to fasten together with screws? Is 
this an example of the impenetrability of 
matter? 

10. In Fig. 17 the segment of string 
supporting the ball is cut from the same 
piece as the segment attached below the 
ball. If one pulls with a quick jerk at A the 


-~--Heavy ball has 
considerable inertia 


Fig. 17. Inertia in a suspended weight. 


J 
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string will break below the weight. If one 
pulls steadily at A, the string will break 
above the weight. Explain. 

11. Why does a pendulum bob continue 
to swing to and fro, before gradually com- 
ing to rest in a vertical position? 

12. What property must the cables of a 
large crane have? 

13. Aluminum is replacing copper in the 
long spans of wire between the towers of 
high voltage electric transmission lines. 
What properties must copper and alu- 


minum have in common? What property 
makes aluminum more useful) Why is 
copper used for home wiring? 

14. Many parts of automobile bodies 
are made from steel sheets which are 
shaped by huge presses. What property 
does steel have which makes this pos- 
sible? 

15. What advantages does the metric 
system of measurement) have over the 
English system? Does the English system 
have any advantages? 


PROBLEMS 


(Refer to Tables 1 and 2 in Appendix B.) 
Group A 


1. How many centimeters are there in 
1 foot? How many grams in 1 ounce? 

2. How many feet are there in 1 meter? 
How many ounces in a kilogram? 

3. What is the capacity in liters of a 
rectangular aquarium which is 25 cm. long, 
15 cm. wide, and 15 em. high? 

4. A box is 24 in. long, 15 in. wide, and 
10in. deep. What is its volume in cubic feet? 

5. Planes fly non-stop from New York 
to Chicago in 34 hours. The airline distance 
is 725 miles. What is their average speed in 
miles per hour? 

6. Trains run from Chicago to Los 
Angeles in 39% hours, The distance is 2,225 
miles. What:is the average speed? 

7. A swimming pool is 50 ft, long, and 


20 ft. wide. If the average depth is 5 ft., 
how many pounds of water will it hold? 

8. A rectangular glass jar is 15 cm. long, 
15 cm. wide, and 20 cm. deep. How many 
grams of water could it contain? 

9. Calculate the density of iron in 
pounds per cubic foot if 3.55 cu. in. weigh 
1 Ib. 

10. What will be the volume in cubic 
centimeters of 500 g. of copper, if its 
density is 8.9 g. per ce.) 

11. In order to make a 1000-g. brass 
weight, how many cubic centimeters of 
brass, density 8.4 g./cc., will be needed? 

12. A nickel has a'mass of about 5 g. 
Assuming its density to be 8.6 g. per Cc- 
what is its volume? : 


Group B 


13. Add 0.5050 kg., 600 mg., and 10.5 g., 
obtaining the answer in grams, 

14. Find the sum of 1600 mm., 0.752 
km., 55 cm., and 3.58 m., in centime- 
ters. 

15. Calculate the volume of 1 Ib. of mer- 
cury. Its density is 13.6 g./cc. Express the 
answer in cubic inches, 

16. A graduated cylinder has a diameter 
of 5 cm. When full, it contains 1 liter of 
water. What is its height? 

17. An aluminum wire 5 meters long has 
a diameter of 2 mm. If it is drawn through 
a die which reduces its diameter to 1 mm., 
What is its new length? (Hint: How does 


the new cross-sectional area compare with 
the original cross-sectional area?) 

18. A mechanical refrigerator is adver- 
tised to have an ice cube capacity of 56 Ib. 
How many cubic feet of ice is this, if ice 
has a density 0.92 as great as water? What 
weight of water was needed to make this 
ice? What volume? 

19. What will be the weight of 1 cu. in. 
of uranium, if its density is 18.5 g. per cc.? 

20. Cylindrical pieces of lead and cork 


have cross-sectional areas of 1 sq. in. What - 


must be the length of each, if they both 
weigh 0.1 1b.) Their respective densities 
are 11.3 and 0.24 g./ce. 
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Chapter 2 Á 
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wait ~~ Mechanics of Liquids 


1. Liquid Pressure and Total Force 


26. What are force and pressure? wood down into a vessel of water, it will 
If we push against a wall, we are using rise to the surface of the water again as 
force. If we pull upon an automobile, soon as it is released. One must use 
we are using force. We may define force force to hold a block of wood beneath 
as a push or a pull. Force is generally the surface of the water. Evidently the 
measured in grams or in pounds. In water must exert an upward push upon 
our study of physics we shall use the the block of wood. The upward push 
term “pressure” to indicate the force which liquids exert upon objects sub- 
which is applied to uni area. For that merged in them causes some objects to 
reason, we measure pressure in lb. per lose all their apparent weight and float, 
sq. in., or in g. per sq. em. Total force and it causes dense objects to lose part 
is measured in pounds or grams, since it of their weight. Therefore, we conclude 
applies to the force acting against the that liquids exert pressure in all direc- 
total area of some particular surface. tions, downward, sidewise, and upward. 

27. Do liquids exert pressure? 28. Liquid pressure is propor- 
Suppose we have a large wooden tank tional to the depth. Just as a brick 
filled with water or some other liquid. lying on a table presses upon the table, 
If we bore a hole in the bottom of the so water or any other liquid poured into 
tank, the liquid will flow out, thus a vessel exerts force or pressure upon 
proving that liquids push downward the bottom of the vessel. Such force is 
upon the bottoms of their containers. due to the weight of the liquid. When 
This is what one might expect, since several bricks are piled upon one an- 
liquids have weight. If we bore a hole other, the downward pressure is in- 
in one side of the tank, the liquid will creased. Likewise, every layer of liquid 
flow out through this opening, proving sustains the weight of the layer directly 
that liquids exert pressure in a sidewise above it; hence the pressure of a liquid 
direction, too. If we push a piece of must increase in direct proportion to the 


Vocabulary a 


CALIBRATE, to graduate an instrument, or to © Hyprauxic, pertaining to liquids in motion. 


verify its graduation. Hyprosratic, pertaining to liquids at rest. 
Cyxninper, a tubular chamber in an engine or Law, a statement of natural processes and 

other machine. phenomena; it is generally capable of lab- 
Piston, a solid cylinder that fits the tubular oratory proof. 


chamber of an engine, or other machine, MANOMETER, a pressure gauge or vacuum 
gastight; but it may be driven back and gauge. 
forth by gas, steam, or other pressure. Pressure, force acting on unit area. 
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depth. If the unit area pressed upon is 
l sq. cm., as in Fig. 18, then water 
1 cm. deep exerts a pressure of 1 g. 
per sq. cm., since the mass of 1 cc. 
of water is 1 g. The pressure at a depth 
of 2 cm. is 2 g. per sq. cm. For each 
centimeter increase in depth the in- 
crease in pressure is | g. per sq. cm. If 
the unit area pressed on is 1 sq. ft., 
water 1 foot deep exerts a pressure of 
62.4 lb. per sq. ft., since this is the 
weight of 1 cu. ft. of water. On each 
square inch, the pressure of water will 
be 1/144 of 62.4 Ib. per sq. ft., or 0.433 
lb. per sq. in. for each foot in depth. 

29. Liquid pressure is propor- 
tional to density. Liquids vary in 
density. Mercury is a dense liquid, 
weighing 13.6 times as much as an 
equal volume of water. Since the pres- 
sure caused by liquids is due to the 
weight of the liquid, we would expect 
mercury to exert much greater pressure 
than water of the same depth. Experi- 
ment shows that our reasoning is cor- 
rect. The pressure exerled by a liquid is 
directly proportional to its density. We 
have learned that water 10 cm. deep 
exerts a pressure of 10 g. per sq. cm. 
Mercury 10 cm. deep exerts a pressure 
of 136 g. per sq. cm. (10 13.6). 
Gasoline is 0.7 as dense as water. The 
pressure exerted at a depth of 10 cm. 
in gasoline is 7 g. per sq. cm. (10 X 0.7). 
Tn equation form, 


pressure = depth X density. 


--Each block sustains 
the weight of the 
blocks above it 


Fig. 18. Liquid pressure i i 
hoe eels sure increases with the depth 


Using the letter p to stand for pres- 
sure, h for depth, and d for density, the 
equation becomes 


f p= hd. 


Prosiem. Avdiver goes down to a depth 
of 150 ft. in sea water; density equals 
64 lb./cu. ft. Calculate the pressure on 
each sq. ft. of his body. Calculate the pres 
sure on each sq. in. of his body. 

Solution. The depth h is given as 150 ft, 
and the density d is 64 lb./cu. ft. The 
pressure p is required. Substituting these 
values in the formula, p = hd, then p 
= 150 X 64, or 9600 lb. on each sq. ft. 
To find the pressure in pounds per sq. in, 
we divide 9600 lb. by 144, the number of 
sq. in. in 1 sq. ft. Answer, 66.7 1b./sq. in 


Prosem. For fighting fire in a certain 
city, water must be supplied at a pressure 
of 150 lb. per sq. in. How high must a 
reservoir be above the city to supply such 
pressure? 

Solution. p = 150 lb. per sq. in; d 
= 62.4 lb./cu. ft.; h is unknown. Use th 
equation, ‘ 
p (in Ib. per sq. in.) = 

h (in ft.) X d (in lb. per cu. ft.) Sub- 

144 
h X 62.4 

144 
Then, 150 X 144 = h X 62.4. Whence, 

h = 346.2 ft. 


stituting, 150 = 


30. How is liquid pressure af- 
fected by direction? A pile of bricks 
resting on a table exerts pressure in @ 
downward direction only, because the 
bricks are solid and their molecules do 
not move over one another freely. The 
molecules of a liquid, however, move 
over one another so freely that a liquid 
takes the shape of its container; there 
fore we may expect liquids to press 
outward in a sidewise direction. Our 
study of floating objects convinces us 
that liquids push upward toward the 
surface as well as downward and side- 
wise, 


Se 
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To illustrate, we may pour mercury 
into the three tubes shown in Fig. 19 
until it stands at the same height in 
each, and then lower them all into 
water so that the open ends are at the 
same depth. The pressure of the water 
will cause the mercury to rise in the 
long arm of each tube. At A the water 
presses downward; at B the pressure is 
upward; while at C a sidewise pressure 
is exerted. The mercury stands at the 
same level in the long arm of each tube. 
As measured by the mercury columns 
the pressures are all equal. This is one 
way of showing that liquid pressure is 
independent of direction. 

Let us try to picture a drop of water 
in the center of a glass of water. The 
pressure upon this drop of water must 
be equal in all directions, or currents 
would be produced in the water. 

31. How does the shape or area of 
the container affect liquid pres- 
sure? Since pressure is measured in 
terms of unit area, such as lb. per sq. 
in., or g. per sq. cm., we need not con- 
sider the total area in solving problems 
dealing with liquid pressure. The area 
of the liquid surface inside a teakettle 
is much greater than that of the liquid 
in the spout, but the pressure due to 
the water is the same in both cases. If 
the pressure increased with the area,, 


Fig. 19. Liquid pressure does not depend upon 
the direction. 
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water would always flow out of the 
spout of the teakettle. 

From the preceding section, one 
would infer that liquid pressure is in- 
dependent of the shape of the con- 
tainer. Pascal’s vases may be used to 
demonstrate this fact. (See Fig. 20.) 
The area of the diaphragm at the 
bottom of these vases is the same, and 
it may be considered as unity. A 
pointer used to show the increase in 
pressure as water is poured into these 
vases indicates the same pressure for 
all three vases, although their shapes 
are different and the total amount of 
water is also different. Liquids stand at 
the same height in communicating 
vessels, no matter what their shape. 
(See Fig. 21.) Hence we conclude that 
liquid pressure is independent of the 
shape and area of the container. 

In conclusion, we may summarize 
the following LAWS OF LIQUID PRES- 
SURE: 

1. Liquid pressure is directly pro- 
portional to the depth of the liquid. 

2. Liquid pressure is directly pro- 
portional to the density of the liquid. 

3. Liquid pressure is independent of 
the area or shape of the container; it is 
also independent of direction. 

*32. Explain direct and inverse 
proportion. The terms direct propor- 
tion and inverse proportion are used fre- 
quently in stating facts and laws in 
physics. Two quantities are directly pro- 
portional to each other when an increase 


A B 
Fig. 20. Liquid pressure- is independent of the 
shape or the area of the container. 
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or decrease in one of them produces a 
corresponding increase or decrease in the 
other. In the formula derived in Section 
29, we observe that an increase in the 
depth of a liquid increases the pressure, 
and that an increase in the density of 
the liquid increases the pressure. 
Two quantities are inversely propor- 
~ tional to each other when an increase in 
one of them produces a corresponding 
decrease in the other. If we squeeze a 
mnis ball, its volume decreases. Now 


an increase in m 
without any change in v causes an in- 
ease in'd; an increase in v without any 
change in m causes a decrease in d. 
Hence, the density of an object is 
directly proportional to its mass and 
inversely proportional to its volume. 
Let us plot a graph to show direct 
proportion, using the following data: 


Pressure 


1 g. per sq. 


3 g. per sq. cm. 
5cm. 5 8. per sq. cm. 
9 cm. 9 g. per sq. cm. 

12 cm. 12 g. per sq. cm. 


Suppose that we let 0 represent the 
origin of the graph, Fig. 22, and 
measure off on the line g'z distances 
equivalent to the various pressures, 
For convenience let us use one small 
Space to represent 1 g. per sq. cm. Let 


Fig. 21. Liquids in conne: 
the same height, 


cting vessels stand at 
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Lg 
Depth in cm. 


Fig. 22. The graph of a direct proportion shows 
that the pressure increases as the depth increases. 


us measure off on the line yy’ distances 
equivalent to the depth in cm., using 
one small space to represent 1 om, 
Point a represents a pressure of 1 g./sq. 
cm. at a depth of 1 cm.; point b repre- 
sents a pressure of 3 g./sq. cm. ata 
depth of 3 cm. In a similar manner we 
locate the points c, d, and e, and drawa 
line from the origin of the graph 
through the points. This straight line, 
OS, is a graph of direct proportion. 

33. How can one find the total 
force on the bottom of a container? 
We have learned that the pressure 
which a liquid exerts on the bottom of 
a containing vessel, for example, equals 
the product of the depth and the den- 
sity. While engineers refer to pressure 
in Ib. per sq. in., it will generally be 
more convenient for us to use the sq. fl. 
as the unit area. On the bottom of a 
tank containing water 10 ft. deep, the _ 
pressure on each sq. ft. equals depth 
(10 ft.) X weight/cu. ft. (62.4 Ib./cu. 
{t.), or 624 Ib. per sq. fl. This is equal 
to 4.33 Ib. per sq. in. 


Nore. In many physics problems units 
may be treated as algebraic symbols. Write 
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d = 62.4 ba, As we multiply, 10 ft. 
cu, ft. i 
6 i 
X 62.4 zu. ft? Suppose we assume that the 


denomination ft., which in the numerator 
represents depth, will change the cu. ft. in 
the denominator to sq. fl. By cancellation, 


lb. 
A 4 ———.: W 
10 fr X 62.4 re (aq. fe) Whence 
Ib. 
pressure = 624 =e 


Since pressure is the force acting on 
unit area, to find the total force acting 
on the bottom of a vessel we merely 
multiply the area by the pressure. 
Stated algebraically, 

total force = area X pressure, or 

total force = area X depth X density. 
By using F to represent total force, A 
the area, h the depth, and d the density 
or weight/cu-ft:; € 

( F= Ahd, 
lia Sa ar 0-ft-long, 8 ft. wide, 
and 6 ft. deep is full of water. Find the 
total force on the bottom of the box. 


Solution. The area pressed upon is 10 ft. 
X 8 ft., or 80 sq. ft.; the depth of the water 


is 6 ft., and d is 62.4 1B 
cu. ft. 
total force = Ahd. 
total foree annae A Sete 
- cu. ft. 
answer is 29,952 Ib. 


Nore. In the foregoing problem, sup- 
pose we assume that the sq. fl. of the area 
times ff. in depth completely cancel the 
cu. ft. in the denominator as follows: 

oN. bb. 
80-sqAt X GLK X 62.4 rears Therefore, 
the answer is 29,952 pounds. 


Prosiem. Find the total force on the 
bottom of a box 3 m. long, 2 m. wide, and 
1 m. deep, if the box is full of water. 

Solution. Changing m. to cm., we have 
300 cm. X 200 cm. X 100 cm. The area 
pressed upon is 300 cm. X 200 cm., or 
60,000 sq. cm.; the depth is 100 cm.; and 


the density is 1 E3 
cc. 
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By substituting in the formula, total 
force will equal 60,000 X 100 X 1 E. 


The answer is 6,000,000 g. If we solve 
the problem by using meters, then we get 
6 metric tons as our answer. 

*34. How can you find the total 
force on the side of a containing 
yessel, or against a dam? Everybody 
knows the story of the Dutch boy at 
the dike. As he stopped the small hole 
in the dike, he was resisting the side- 
wise pressure of the sea. As the soil 
around our houses fills with water, the 
sidewise pressure may become great 
enough to push the water through our 
cellar walls. In building a dam, engi- 
neers must calculate the total force 
which the water will exert against the 
side of the dam. We know that in our 
calculations we must always use for the 
area the area of the surface pressed upon. 
We know, too, that pressure is inde- 
pendent of direction, but we must con- 
sider what depth to use. 

Imagine that the room in which you 
are sitting is full of water. Its length 
is 15 ft.; its width is 12 ft.; and its ceil- 
ing is 8 ft. high. The area of the longer 
side of the room is equal to the length, 
15 ft., multiplied by the height of the 
wall, 8 ft. The area pressed upon is 
120 sq. ft. The water is 8 ft. deep at 
the floor; at the ceiling the water is 
0 ft. deep. From Fig. 23 we see that 
Depth 0 feet 


! 
I 
| 
! 
___Depth_3 feet _y_ 
Depth 4 feet 


Depth 8 feet 


Fig. 23. The average depth of the water on this 
wall is 4 ft. 
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the depth varies. Halfway up the wall, 
the water is 4 ft. deep; 3 ft. from the 
floor, the water is 5 ft. deep; and 3 ft. 
from the-ceiling, the water is 3 ft. deep. 
The average depth is 4 ft. 
(itita) 
5 = e 


Since the depth of a vertical surface 
varies, we must use the average depth. 
Then the total force on the wall of the 


room = 120 sq. ft. (area) X 4 ft. 
lb. 
(average depth) X 62.4 on The 


force is equal to 29,952 Ib. 

In any case, total force equals the area 
of the surface pressed upon times the 
average depth times the density. For 
horizontal surfaces the depth is uniform 
at all points. Hence, F = Ahd. For 
vertical surfaces, the average depth is 
sully equal to half the depth. Hence, 


GZ F= Ad. 
35. Hows pressure measured? 


asionally the water pressure in some 
cities becomes low in dry weather, To 
be certain that the pressure is great 
enough to fight fires effectively, a 


The pressure 
is measured | 
by the height ~~ 
of the mercury 
column AB 


Fig. 24. The Open man 


ometer may be use 
measure pressure, : a 


Spring- 
tends to \ 
straighten S 
under 
pressure 


Fig. 25. The Bourdon pressure gauge. Sectional 
view at right. 


pressure gauge of some kind is used, 
An open manometer is shown in F ig. 24, 
Here the pressure of the water is bal- 
anced against a column of mercury, 
The manometer, which is partially 
filled with mercury, is attached to the 
faucet and the water is turned on. The 
pressure is measured by the height of 
the mercury column AB. If the tube 
has a cross-sectional area of 1 sq. in, 
the weight of the mercury column in 
pounds equals the pressure of the water 
in Ib. per sq. in. Sometimes a closed 
manometer is used, but more often 
water pressure is measured by means 
of a spring gauge, which is calibrated 
to read directly in pounds per square 
inch. (See Fig. 25.) The pressure of the 
water tends to straighten out the flat, 
curved tube, which is attached at one 
end to a lever geared with the pointer. 

The expression “head of water” or 
“water head” is in common use by 
engineers. If the difference of levels in 
communicating pipes is 144 ft., the 
water head is said to be 144 ft. Such a 
water head produces a pressure of 
62.4 Ib. per sq. in., because a water 
column of one sq. in. cross-sectional 
area and 144 ft. high has a volume of 
just one cubic foot. If we refer to 
Fig. 26, we can understand why the 
water head on the different floors of the 
same building is not the same. 

36. What are some applications 
of water pressure? |. Water reaches 
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Fig. 26. The water head is greater at the lower 
floor. The effective pressure is least at the tap on 
the top floor. 


its level. Water is at the same height 
in communicating vessels, whatever 
their shape or relative area. The water 
in the spout of a teakettle stands at the 
same level as the water in the kettle. 
If we picture the surface of the water in 
a tank as having momentarily the form 
shown in Fig. 27, we can understand 
why water reaches its level. The water 
heads at A and B are greater than at 
C. Hence the greater pressure at these 
points will cause the water to flow in 
the directions shown by the arrows 
until the surface is level. The water- 
gauge on a steam boiler is another ap- 
plication. (See Fig. 28.) If you have a 
A 


Fig. 27. Water flows until its surface becomes 


steam boiler in your basement, the level 
of the water in the glass gauge shows 
the level of the water inside the boiler. 

The water supply for some cities is 
drawn from a reservoir higher than 
any part of the city itself. Since water 
reaches its level, it can rise through 
the water pipes in the houses to the 
taps or faucets. If, however, part of a 
tall building happens to be higher than 
the level of the reservoir, then the 
upper floors of such a building will be 
without water and cannot have ade- 
quate fire protection. Such a building 
may be supplied from a tank on the 
roof or by means of a pump which 
forces the water to the highest parts 
of the building. Many cities are forced 
to install pumping stations. The pump 
forces water from the reservoir up into 
the standpipe, where it is stored. (See 
Fig. 29.) Sometimes a high-pressure 
pumping system is installed for fight- 
ing fires. (See Fig. 30.) 

The artesian well is another exemple 
of the fact that water reaches its level. 
(See Fig. 31.) We havea layer of water- 
saturated gravel between two strata of 
impervious or non-porous rock. The 
water levels at A and B are higher 
than the level at W. Hence water 


_---Valve 


Fig. 28. Water in glass gauge stands at level of 
liquid in boiler, 
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Reservoir 


to be effective in fighting fires, 


gushes out to form a flowing well or 
fountain at W. 

2. Submerged bodies must withstand 
pressure. Probably the bottom of your 
cellar wall is at least 4 feet below the 
water table when snow and ice are 
melting in the spring. That means 
that water is exerting a pressure of 
4 ft. x 0.433 Ib./ft. in? = 1.73 lb. /in.? 
on the bottom of your cellar walls. 
This pressure may be sufficient to push 
the water through the pores of the con- 


Courtesy of Wabash- Sylva; ia 


Fig. 30. To fight city fi fecti i 
Pressures must be od ERE reali 


iina 


(LLL LLALLA 


Fig. 29. Water from reservoir is pumped to standpipe. It flows to hydrant and exerts enough pressure 


crete wall and cause water to ente 
your cellar. 

Submarines must have very strong 
walls to resist the crushing force of the 
water, since the pressure increases as 
the submarine sinks deeper and deeper. 
The hull of an ocean vessel may extend 
about 30 feet beneath the surface of 
the sea. Tt must be made very strong 
to resist such pressure, 

If we dive to a depth of 10 feet, the 
water pressure on our body is more 
than 4 pounds per square inch. At 100 
feet the pressure increases to more than 
40 Ib. per sq. in. Deep-sea divers have 
descended to a depth of more than 
300 feet. 

3. Total force as related to construc- 
lion work. Before building cisterns, 
tanks, standpipes, dams, and canal 
locks, the engineer must compute the 
pressure or the total force to which 
these structures will be subjected. The 
amount of material used in construct- 


alm pervious 


stratum Soils. 


3 ‘Gravel layer 
Fig. 31 Water from gravel layer forces water out 
through the Opening at W, 


Courtesy of the Metropolitan Water District 


Fig. 32. This 16-foot aqueduct carries water from the Colorado River 392 miles to Los Angeles 
and other cities in Southern California, It carries about a billion gallons of water daily. Having a 
capacity of about 400 barrels per second, it dwarfs other famous aqueducts, ancient and modern. 
It consists of tunnels, conduits built of concrete, steel pipe, and canals lined with concrete. At some 
places it crosses elevations more than 1600 feet in height. Notice the appearance of the men stand- 


ing on the aqueduct. 


Philip Gendreau, N.Y. 


Fig, 33. The Sault Ste. Marie Canal, connecting Lakes Superior and Huron, is the world’s busiest. 
There are five locks to accommodate the traffic which amounts to more than 100 vessels a day during 
the open season. The ship shown is about to pass through the gates out into Lake Superior. 
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ing dams for storage reservoirs is enor- 
mous. Fig, 33 gives an idea of the 
enormous strength that canal locks 


must have, to withstand the total 
force of the water when the gates are 
closed. 


QUESTIONS 


1. Why does water flow down hill? 

2. Since a dam is not of uniform thick- 
ness, why is the thicker part always at the 
bottom) 

3. What is the source of the pressure 
which causes water to flow from the faucets 
in your home? Is it a water head caused by 
a reservoir, or a pressure pumping system? 

4. From which pipe will water flow 
faster, one in the cellar, or a similar one on 
the third floor? 

5. Two types of standpipes are shown 
in Fig. 34. If the water level in each is the 
same, how do the pressures compare? 

6. The pressure onthe point of a phono- 
graph needle may amount to several tons 
per square inch. How is this possible since 
the pick-up weighs only a few ounces? 


7. Why is a dam constructed across a 
tiver above a plant for producing electric 
energy from water power? 

8. Three Pascal vases like those shown 
in Fig. 20 are filled to the same height with 
water. The area of the base of each is the 
same. How do the pressures compare? How 
does the total force on the bottom of each 
Pascal vase compare with the weight of the 
water? 

9. Why are some fire engines equipped 
with auxiliary water pumps? 

10. Why was Barton’s benthoscope (Fig. 
36) shaped like a sphere? 

11. Upon what factors does the inten- 
sity of liquid pressure depend? Of what 
ene is liquid pressure entirely independ- 
ent, 


PROBLEMS 
Group A 


1. Calculate the pressure in grams per 
Square centimeter exerted by a column of 
water 5 m. high, 


From water surface to level of ground, 90 ft, 


2. What pressure will be exerted by a 
column of mercury 760 mm. high, if the 
density of mercury is 13.6 g. per cc.? 

3. The pressure of the atmosphere is 
15 lb. per sq. in. How high a column of 
water will produce this same pressure? 

4. If you dive into water to a depth of 

20 ft., what is the water pressure on each 
square inch of your body? 
_ 5. A deep-sea diver goes down 200 ft. 
into the ocean. If the sea water weighs 
64 Ib. per cu. ft., what is the pressure on 
his body? Express your answer in pounds 
per square inch, 

6. Calculate the water pressure at the 
foot of a standpipe 75 ft. high. 

7. A reservoir is 400 ft. above the level 
of a faucet. What is the pressure of the 
water at the faucet? 

8. In order to exert a water pressure of 
500 Ib. per sq. in., how high a column of 
water is needed? 

9. If mercury were used instead of water 
to produce the pressure required in Prob- 
lem 8, how high a column would be needed? 


Courtesy of the Bureau of Reclamation 


Fig. 35. Hoover Dam, built in Black Canyon, impounds the water of the Colorado River for controlling 
floods, providing water for irrigation, and the generation of nearly two million horsepower of elec- 
trical energy. The dam is 726 ft. high and the length of its crest is 1200 ft. The base of the dam is 
650 ft, thick. It is the highest dam in the world. Lake Mead, formed by impounding the river water, 
is the largest artificial lake in the world, being 115 miles long and two miles wide. 
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10. A swimming pool is 40 ft. long, 
20 ft. wide, and 7 ft. deep. Calculate the 
total force on the bottom of the pool. 

11. Calculate the total force against the 
short side of the swimming pool of Prob- 
lem 10. 

12. A tank 3 m. long, 150 cm. wide, and 
2000 mm. deep is filled with sulfuric acid 
having a density of 1.84 g. per cc. What 
is the total force on the bottom of the 


tank? Calculate the total force against one 
of the short sides. 

13. The surface of Lake Mead, formed 
behind Hoover Dam, is 530 ft. above the 
surface of the Colorado River below the 
dam. What is the pressure at the base of 
the dam? Why is it necessary to make the 
base of the dam of concrete 650 ft. thick? 
(See Fig. 35. Hoover Dam is the highest 
dam in the world.) 


Group B 


14. A dam is 60 ft. long, and 30 ft. high. 
What is the total force exerted by the water 
against this dam? 

15. Otis Barton descended in his ben- 
thoscope to a depth of 4500 ft. in the ocean 
off California. What was the pressure 
against the walls of the benthoscope at 
that depth? (See Fig. 36.) 

16. A pool of melted iron in a steel mill 


Black Star 
: in this thick-walled benth 
Otis Barton descended into the Pacific Gay 
off California to study the animals that inhabit 
the deep seas. He reached a record depth of 


Fig. 36. 


4500 feet. What is the pressure at that depth? 


is 10 ft. long, 7.5 ft. wide, and 3 ft. deep. 
Calculate the total force on the bottom. 
Melted iron has a density of 470 lb. per 
cu. ft, 

17. A cylindrical tank 10 ft. long, with 
a radius of 3 ft., is placed on its side in 
the ground. If the tank is full of gasoline 
which weighs 44 Ib. per cu. ft., what is 
the pressure against the bottom of the 
tank? 

18. A diver descended in Lake Michi- 
gan to a depth of 420 ft. What was the 
pressure against his body? 

19. What is the total force on the bottom 
of an upright, cylindrical oil tank whose 
base is 20 ft. in diameter, when the oil is 
Ta deep? (Weight of oil, 56 lb. per cu. 
ta 

20. A swimming pool is 75 ft. long and 
30 ft. wide. At the shallow end the depth 
is 2 ft, while at the deep end, it is 8 ft. 
Calculate the total force against each end 
of the pool. 

21. A rectangular can containing alcohol 
is 25 cm. long, 15 cm. wide, and 75 cm. 
high. Calculate the total force against the 
bottom of the can, and against each side. 
Density of alcohol is 0.80 g. per cc. 

22. Calculate the total force at- the 
bottom of a vertical glass tube 1 m. long, 
and 5 mm. in diameter, when filled with 
mercury. 

23. Some parts of the ocean are 25,000 
ft. deep. What is the pressure at that depth? 
Assuming that the area of your body is 
10 sq. ft., what would be the total force 
on your body at that depth? 

24. The crest of a dam is 65 ft. long. If 
the depth of the water behind the dam 
is 50 ft., calculate the total force exerted 
by the water against the dam. 
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9. Pressure Applied to Liquids 


37. How do liquids transmit 
pressure? The liquid pressure which 
we have been studying may be called 
weight pressure since it is due to the 
weight of the liquid itself. Solids also 
exert pressure on account of their 
weight, but not in a sidewise direction. 
If we put one end of a meter stick 
against the floor and push on the other 


end, it transmits the pressure to the floor / Tiqut 
in the direction in which the force acts. \ directions. 


Since the stick is rigid, it transmits the 
pressure in only one direction. Suppose 
that we put a stopper in one end of an 
iron pipe and completely fill the pipe 
with water. As a second stopper is 
pushed into the open end of the pipe, 
the first stopper is pushed out because 
the pressure is transmitted to it by the 
liquid in the pipe. Liquids are not easily 
compressed and readily transmit pres- 
sure. Now suppose that we drill several 
small holes in the pipe and repeat the 
experiment. As the second stopper is 
pushed into the pipe, the liquid squirts 
out through the holes, proving that 
pressure applied to a confined liquid 
is Iransmitted in all directions. This is 
what we might expectif we pause to con- 
sider that the molecules of liquids move 
freely and slide over one another readily. 

For the same reason we would expect 
gases to transmit applied pressure in 
all directions. When we inflate an auto- 
mobile tire, pressure is applied at the 
valve stem to the air confined within 
the tire. Since all parts of the tire be- 
come equally hard, we may assume 
that this pressure is transmitted equally 
in all directions. 

38. What happens when external 
pressure is applied to confined 
liquids? A farm hand went to the well, 


filled a jug with water, inserted the 
stopper, and hit the stopper a sharp 
blow with the palm of his hand. The 
bottom fell out of the jug, much to his 
astonishment. Let us inquire what 
really happened. Fig. 37 represents the 
jug filled with water. As the stopper 
was driven into the jug by the force of 
the bongi preire upon the confined 

as transmitted equally in all 
or convenience, let-us~as= 
sume that the neck of the jug had an 
area of exactly 1 sq. in., and that 10 lb. 
of force were used in driving the stop- 
per into the jug. That means that every 
square inch of the inside surface was 
subjected to a force of 10 lb., in 
addition to the force due to the weight of 
the liquid. If the area of the bottom 
of the jug was 40 sq. in., the total 
force on it must have been at least 
400 Ib.! The bottom of the jug was 
not strong enough to withstand so 
great a force. 

39, What is Pascal’s law? The 
farm hand just mentioned had never 
heard of Pascal's experiments. Blaise 
Pascal was a French physicist who de- 
vised Pascal’s vases to show that 
weight pressure of liquids is directly pro- 

Pressure applied 


10 Ib. here 


Z 


pressure 


Fig. 37. Bottle to be used to demonstrate 
Pascal's law. 
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portional to their depths, but independ- of 100 sq. in., a weight of 1 Ib. lying on 
ent of the shape of the container. But the piston C will just balance a weight 
Pascal also devised an experiment to of 100 lb. on the piston D. A force 
study the transmission of pressure by slightly in excess of 1 lb. acting down- 
liquids when pressure from outside is ward on the small piston will lift the 
applied to their surfaces. He fitted weight of 100 lb. upon the large piston. 
pistons in openings in the sides of abox From these observations, it is easy to 
filled with water, just like the cork in see how it is possible to construct a 
the jug of Section 38. One opening had mechanical device for multiplying 
an area 100 times as large as the other force. If we make the large opening 
and the pistons fitted the openings 1000 times the area of the small one, 
tightly. (See Fig. 38.) Pascal then the small force on the small piston is 
found that one man, pushing against multiplied by 1000. 
the small piston, could hold that piston The pupil must never forget one im- 
against the force of 100 men pushing portant fact. As we multiply force by 
against the large piston. the use of any mechanical device, we 
His comment is as follows: “Hence diminish correspondingly the distance 
it follows that a vessel full of waterisa and speed of the load. In other words, 
new principle in mechanics, and a new what is gained in force is lost in speed 
machine for multiplying forces to any and distance. Suppose we force the pis- 
degree we choose, since one man willby ton C down 10 in.; just 10 cu. in. of 
this means be able to move any given water will be forced from A into B. 
weight.” The 10 cu. in. of water that are forced 
This principle, which is known as into the large cylinder will spread out 
one may be stated as fol- over an area of 100 sq. in. Therefore it 
lows: Pressure applied anywhereto a | will raise its level and lift the large 
dy of confined or inclosed fluid is trans- piston 7%; or 0.1 in. In the time re- 
mitted with undiminished force in every \quired for C to move 10 in., D moves 
direction. This pressure acts at right only 0.1 in., just 0.01 as far as C. The 
| pis eg Portion of the surface of jforce of 1 lb. is multiplied 100 times 
! n eua foree upon equal / by this device, but the object to be 
p Fis PeR 7 ae and lifted on the large piston moves 0.01 as 
otk aw applies to fast as the force applied to the small 
ai Howiat ae |: piston. In all mechanical devices, the 
1s transmission of liquid product of the acting force multiplied by 


pressure used to multiply force? the distance th ee 
From Pascal’s law, we are led to the RS i oa, eanais 


following conclusion: If A of Fig. 39 
has an area of 1 sq. in. and B an area 


Pressure applied 
to small piston 


Fig. 38. H AEL 
his feeble afore can use a machine to multiply 


` 
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the product of the resisting force multi- 42, What is meant by inechani- 
plied by the distance through which it cal advantage? Man often uses a ma- 
moves. This is the general law of fric- chine to multiply his feeble efforts. Such 
tionless machines. Applied to this par- a machine gives him an advantage. 
ticular case, 1 lb. moving 10 in. is Suppose we assume a frictionless ma- 
equivalent to 100 Ib. moving 0.1 in. chine in which an acting force of 1 lb. 
4l. How does the hydraulic press can exactly counterbalance a resisting 
work? The commercial hydraulic press force of 5 lb. We say the mechanical ad- 
is an application of Pascal’s principle. vantage of that machine is 5, because 
By reference to Fig. 40, we may ex- the resisting force is five times as great 
plain the operation of such a press. as the acting force. Let us call the re- 
There are two cylinders, a small one sisting force the resistance R, and the 
and a large one. In each one there isa acting force the effort E. Then the 
piston which fits so tightly that the mechanical-advantage~(M.A.) equals 
liquid cannot be forced past it. A ia resistance, M.A. = R tn h 
is attached to the small piston. As thé. effort a EA ge 
small piston is pushed down, some of “ical advantage of any ntachine may also 
the oil or water from the small cylinder be found by measuring the distance 
is forced over into the large cylinder the effort moves and the distance the 
B, and the piston is lifted a trifle. As resistan: ps -in~the-same _time. ` 
the lever is worked up and down, it Then; M, f : i ol ma 


continues to pump the liquid from the _~ eee distance effort moves 
reservoir, and force it into the cylin- -A. = Fistance resislance moves. A4 


der B. When the pressure is to be 
released, a valve not shown in the 
diagram is opened to let the liquid 
flow from B back into the reservoir. 
The hydraulic press is used for bal- 
ing cotton, paper, etc., squeezing the 
juice from apples and other fruits, ex- 
pressing oil from seeds, punching holes 
in steel plates, embossing metals, and 
lifting enormous weights. ope A ON Aime 


xclust the advantage | of the ` 
lever, the mechanical advantage of the 
hydraulic press is equal to the area A 
of the large piston divided by the area 
a of the small piston. From your geome- 
try, you learned that the areas of two ` 
circles are proportional to the squares of 
their diameters. las: 


R:E = A:a, or R:E = D*:d’. 


Prosiem. A force of 500 Ib. is applied 
to the small piston of a hydraulic press. 
Its diameter is 2 in. What resistance can 
be counterbalanced on the large piston, 
which is 40 in. in diameter? 

; (40)? 

Solution. The M.A. = Or or 400. 
Tf the machine multiplies the effort by 
400, then 500 Ib. of effort can counter- 


Fig. 40. The hydraulic press finds many uses. balance 400 x 500 lb., or 200,000 Ib. Or, 


\ 


` 


v 
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we may use the formula, R:E = D*:d?. 
Then, R:500 = (40): (2). R = 200,000 Ib. 

43. How do hydraulic brakes 
work? Most automobiles are now 
equipped with hydraulic brakes, which 
are applications of Pascal’s principle. 
The force applied to the brake pedal 
acts upon a master piston, from which 
it is transmitted through the oil in 
strong tubes to the brake piston. (See 
Fig. 41.) The pressure of the liquid in 
the brake piston pushes the brake shoes 
apart so that they will exert friction 
against the brake drum. A spring pulls 
the shoes together again when the 
brakes are released. If the pistons all 
have the same diameters, the pressure 
applied to the brakes on all wheels will 
be the same, and skidding is not likely. 
It is possible, too, to have the front- 
wheel brakes do a greater part of the 


QUESTIONS 


_ 1. When filling a vacuum bottle, why 
is it a good idea to allow some air to remain 
in the bottle below the stopper? ` 


2. Why was the underwater explosion of 


the atomic bomb at Bikini more destruc- 
tive than the one aboye the water? 

3. Explain how the hydrostatic bellows 
(Fig. 44) operates to lift a weight on the 
platform by the addition of water through 
the funnel tube. 

4. Why does Pascal’s law apply to gases 
as well as to liquids? 

5. Some lawn rollers must be filled with 


----Piston which controls 
e levers 


Ñ N 


= | 

y J --Brake lining 
AA 

Z 7 ~~~Brake drum which 


is rigidly attached to 


the wheel of the car 


Fig. 41. Some intemal-expanding brak 
ate by means of hydraulic ata rakes oper. 


A---Spring to release 
brakes 
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braking, if desired. The newer cars 
follow this practice. 

44. There are other applications 
of Pascal’s law. Of course we are mak- 
ing use of Pascal’s law when we inflate 
a tire. The hydraulic jack is used for lift- 
ing very heavy loads through a short 
distance. In many cases, dentists’ and 
barbers’ chairs are lifted by the use of 
hydraulic pressure. Hydraulic elevators 
operate by the use of water pressure 
acting upward on the bottom of a large 
piston beneath the elevator cage. 

The automobile hoist, Fi ig. 42, is a 
common application of Pascal’s prin- 
ciple found at filling stations. Com- 
pressed air is applied to the surface of 
oil which then transmits the pressure 
to the lower end of the hoisting piston. 
In this manner a car weighing one or 
two tons can be hoisted easily. 


Platform for car 


Release 
valve 


Inlet 
valve 


Fig. 42. The service station attendant uses 
Pascal's law to hoist a car and make work under- 
neath the car more convenient, 
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water before they are used, to increase their 
weight. Why is it necessary to allow the air 
inside to escape while the roller is being 
filled with water? What would happen if 
the hose were screwed directly onto the 
roller and the water turned on? 

6. Why are hydraulic presses extremely 
useful in shaping automobile bodies from 
sheets of steel? 

7. What would happen if you applied 
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the acting force to the large piston of a 
hydraulic press, and the resisting force to 
the small piston? Would this be of ad- 
vantage in a device to launch airplanes 
from the decks of naval vessels? 

8. What effect does an underwater ex- 
plosion have on the hull of a ship? 

9. Make a list which will include some 
of the advantages as well as the disadvan- 
tages of hydraulic elevators. 


PROBLEMS 


Group A 


1. What is the mechanical advantage of 
a hydraulic press in which the area of the 
large piston is 300 times the area of the 
small piston? 

2. If the small piston of a hydraulic 
press moves 25 cm. while the large piston 
moves 1 mm., what is the mechanical ad- 
vantage of the press? 

3. The large piston of a hydraulic press 
has a diameter 20 times that of the small 
piston. What is the mechanical advantage? 

4. A weight of 15 tons is to be supported 
on the large piston of a hydraulic press, 
which has an area of 1500 sq. in. The area 


of the small piston is 5 sq. in. What is the 
mechanical advantage of this hydraulic 
press? What force must be applied to the 
small piston? 

5. The inlet pipe of a hydraulic lift 
(Fig. 42) is 1 sq. in. in area. The piston has 
an area of 100 sq. in. What air pressure 
must be used to raise an automobile weigh- 
ing 2 tons? 

6. The radii of two pistons of a hydraulic 
press are 1 cm. and 25 cm. respectively. 
What is the mechanical advantage of the 
press? What weight can be raised if a force 
of 25 kg. is applied to the small piston? 


Group B 


7. The mechanical advantage of a hy- 
draulic press is 200. If the large piston 
moves through a distance of 0.5 ft., how 
far does the small piston move? 

8. If the large piston of Problem 7 moves 
0.5 ft. in 1 sec., what is the speed of the 
small piston in miles per hour? 

9. The cage of a hydraulic elevator 
weighs 1 ton. If the diameter of the inlet 
pipe and the piston are 1 in. and 20 in., 
respectively, what water pressure is re- 
quired? i 

10. The cubical box shown in Fig. 43 
is 10 cm. on a side. To the top of the box is 
fastened a tube 1 sq. em. in cross-sectional 
area, and 90 cm. long. The apparatus 1s 
completely filled with water. Calculate the 
total force upon the bottom of the box, 
upon each side, and the upward force on 
the top of the box. 

11. A man weighing 150 lb. stands on 
the platform P of the hydrostatic bellows 
shown in Fig. 44. The platform is 15 in. by 
25 in. How high must the water stand in 


the tube, which has a cross-sectional area of 
2.5 sq. in., to balance the weight of the 
man? Would the answer be the same if a 
different diameter tube were used? 


Fig. 44, Hydrostatic 
bellows. 
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rtesy of the General lectric Company 


Fig. 45. Principles of physics discovered more than 2,000 years ago are still employed, and new 
deans ie also constantly appearing as the resik of further study. The photo above shows the 
U.S. Air Force’s new Flying Wing YB-49. The plane is radically new in design and is propelled by 


eight jets instead of propellers, 
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3i Archimedes’ Principle ,/\_- 


45. What is buoyancy of liquids? 
Pieces of cork and sticks of wood float 
on water. If the lungs are filled with 
air, the human body floats on water. 
Such facts furnish evidence that water 
exerts an upward force, or buoyant 
force, upon objects immersed in it. An 
object will float if the buoyant force 
of the water is greater than the weight 
of the object itself. (See Fig. 50.) Ob- 
jects denser than water, even though 
they sink readily, appear to lose a part 
of their weight when submerged. For 
example, a man can lift a larger stone 
under water than he can possibly lift 
in air, because the buoyant force of the 
water lifts part of the weight. The up- 
ward force which any liquid exerts upon 
a body submerged in it is called its buoy- 
ancy. 

46. How is buoyancy measured? 
Archimedes’ principle. Hiero, tyrant 
of Syracuse, ordered a crown made of 
pure gold. He handed the crown to 


Archimedes, asking him to determine 
whether any other metal had been used 
in its construction. Archimedes was 
puzzled to find a solution to this prob- 
lem. While at his bath, he observed 
the buoyant effect of the water upon 
his body, and that the water rose in 
the tub as his body sank in the water. 
Then it occurred to him that he could 
use the buoyant effect of water upon 
the crow and upon pure gold to solve 
his problem, He is said to have rushed 
through the streets, shouting “ Eureka, 
Eureka,” meaning “I have found it.” 
He had found the solution to his prob- 
lem, for he reasoned that the buoyant 
force on his body must be equal to the 
weight of water displaced, (See Fig. 46.) 

Let us perform a simple experiment 
and then see how the principle worked 
out by Archimedes helped him to solve 
Hiero’s problem, The overflow can 
shown in Fig, 47 is filled with water up 
to the spout. A cylinder denser than 


E] 


Fig. 46. Archimedes (B.C. 287-21 2) was born 
in Syracuse, Sicily. His works on arithmetic, 
plane and solid geometry, and mechanics are 
still extant. He applied mechanics to such 
machines as the lever, the pulley, and the screw. 
He is best known through the principle that 
bears his name. When the city of Syracuse was 
captured after a long siege, Archimedes was 
killed by a Roman soldier. 

water is weighed, first in air, and then 
in water. The difference between the 
two weights is the loss of weight in 
water. The cylinder is lowered into the 
overflow can. The water which over- 
flows, which just equals in volume the 
volume of the cylinder, is caught and 
weighed. If the work is carefully done, 
we find that the weight of the water 


Overflow can 


Fig. 47. Overflow can with dense cylinder. 
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displaced by the dense cylinder exactly 
equals its loss of weight in water. This 

PRINCIPLE OF ARCHIMEDES may—be 

stated as follows¥A body immersed in a \ 
—TlaidtWoses as much weight as the weight | 
“A Uh fluid iT displaces. any 
\— By applying this principle, Archi- 
medes could compare the density of 
the crown with the density of a block 
known to be pure gold. Since gold is 
one of the densest of the metals, a piece 
of gold having a definite mass would 
have a smaller volume and would dis- 
place less water than a piece of silver 
of the same mass. For example, 1 lb. 
of gold displaces less water than 1 1b. of 
silver because its bulk is smaller. The 
relative volumes would be proportional 
to the losses of weight in water. There- 
fore, when Archimedes found that the 
crown lost more weight in water than 
the same weight of pure gold did, he 
knew that the crown was an alloy of 
some less dense metal. 

47. How can one test Archime- 
des’ principle? Suppose we submerge 
a cubical block, 10 cm. on a side, to 
such a depth in water that its upper 
surface A is just 10 cm. below the sur- 
face of the water. (See Fig. 48.) The 
total downward force on the upper 
surface of the block equals 1000 g. 
(Area = 100 sq. cm.; depth = 10 cm.; 
density = 1 g./cc.) The total upward 
force on the surface B is 2000 g. (Note 
that the surface B is 10 cm. deeper 
than A, or 20 cm.) The upward force 


Fig. 48. Buoyancy equals the difference be- 
tween the upward and the downward force. 
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Courtesy of the United States Coast Guard 


Fig. 49. A U.S. Coast Guard cutter on ice patrol in the North Atlantic. An iceberg floats with 
about nine-tenths of its volume beneath the surface of the water. 


at B exceeds the downward force at 
A by 1000 g., and this block would 
lose 1000 g., if weighed first in air and 
then in water. 

The volume of a cubical block 10 cm. 
on a side is 1000 cc. Since two things 
cannot occupy the same place at the 
same time, the block must displace 
1000 cc. of water. Since 1 cc, of water 
weighs 1 g., 1000 ce. of water will 
weigh 1000 g. Therefore, the block 
displaced 1000 g. of water. But the 
buoyant force of the water on the block 
was also 1000 g. Hence we may use 
the facts we learned concerning total 
force in liquids to prove that the buoy- 
ant force which a liquid exerts upon a 
submerged body is equal to the weight of 
liquid the body displaces, 

The student should compute the 
buoyancy when the upper surface of 
the block is submerged to a depth of 
20 cm. below the surface of the water. 

48. What are the 
flotation? From the pr 
we find that the buoyant force upon a 
submerged body is exactly equal to the 
weight of the liquid displaced, If the 
submerged body weighs more than an 


Principles of 
eceding section, 


equal volume of displaced liquid, it 
will sink. For example, suppose the 
block used in the preceding section 
weighs 1200 g. The buoyant force of 
the water was only 1000 g. Hence an 
additional upward force of 200 g. 
would have to be used to keep the 
block from sinking, Tt loses 1000 g. of 
its weight in water, but 200 g. of its 
weight are unbalanced. 

Suppose, however, that the block 
weighs only 800 g. in air. The buoy- 
ant force when the block is completely 
submerged is 1000 g. Such a block, if 
pushed under water and then released, 
would rise to the surface, because the 
upward force of the water is 1000 ga, 
and the downward force due to its 
weight is only 800 g. To keep such a 
block submerged, an additional force 
of 200 g. would have to be used. The 
iceberg of Fig. 49 displaces its own 
weight of water before it is entirely 
submerged, 

Let us use one more example. A per- 
son whose volume or bulk is just 2 cu. 
ft. weighs 130 Ib. If he jumps into sea 
water, which weighs 64 pounds per cu. 
ft., he will sink. The 2 cu. ft. of water 
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displaced would buoy him up with a 
force of 128 1b., but his weight is 130 Ib. 
It would take 2 lb. of force to keep him 
from sinking. Now suppose he uses 
just exactly 1 cu. ft. of cork as a life 
preserver. The cork weighs 15 Ib. Now 
his total volume (body and cork) is 
3 cu. ft., and the weight of water dis- 
placed would be 192 lb. His total 
weight (cork included) is 145 lb. Hence, 
it would need an additional force of 
47 1b. to push him under wa 

Wé may summati e LAWS OF 
FLOTATION as follows: 1. A body sinks 
in a fluid, if the weight of the fluid it dis- 
places is less than the weight of the body. 

2, A submerged body remains in 
equilibrium, neither rising nor sinking, 
if the weight of the fluid it displaces 
exactly equals its own weight. 

3. If a body when submerged dis- 
places a weight of fluid greater than ils 


own weight, it will rise and float witha | 
j which has a density of only 0.7 g./cc. 


part of its volume above the surface. 


Hence, a floating body displaces its owns 


saa 


weight of liquid. nmam 
49. How do floating objects be- 
have? If we place blocks of different 
kinds of low density material on water, 
as.in Fig. 50, we find that some sink 
deeper than others as they float. Sup- 
pose we select cubical blocks 10 cm. 
on a side. The volume in each case is 
1000 cc. Block A represents a piece 
of balsa wood. Because it is only about 
one-eighth as dense as water it finds 


Fig. 50. Some floating objects sink more deeply 
than others. 
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use in making model airplanes and for 
making floats for persons learning to 
swim. Block B represents a piece of 
cork, density 0.24 g./cc. Its weight 
is 240 g. Hence it must displace 240 g., 
or 240 cc., of water in order to float. 
When such a block is placed on the 
surface of the water, it will sink until 
240 ce. are submerged. This equals 
0.24 of its volume, the same fraction 
as the density. Block C has a density 


————~_ of 0.75 g./cc. Since its weight is 750 g., 


\ it will sink in water until 750 cc. of 
‘its volume are submerged. The frac- 
tional part submerged is 0.75, the 
same fraction as the density. D repre- 
| sents a block of ice, having a density 
of 0.92 g./ee. Such a block weighs 
920 g., and it will sink until it dis- 
places 920 cc. of water. As ice floats 
in water, 0.92 of its volume is beneath 
| the surface. 
If we lower block B into gasoline, 


it will sink deeper into the liquid be- 
fore it displaces enough gasoline to 
equal its own weight; 240 g.= 0.7 
g./ec. = 343 cc., the volume of gas- 
oline needed to weigh 240 g. Hence 
343/1000 of the volume, or approxi- 
mately 4, is submerged, when cork 
floats in gasoline. 

Aluminum, iron, and even lead will 
float in a very dense liquid like mercury. 
The part submerged is proportional to 
their relative densities. (See Fig. 51.) 


Fig. 51. Many metals will float in the dense 
liquid mercury. 
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Official U.S. Navy photograph 


Fig. 52. The U.S.S. Midway has the control tower amidships so as to leave an unobstructed runway 


for launching and landing planes. Why does the ship 


50. What are some applications 
of Archimedes’ principle? The whole 
science of shipbuilding depends upon 
Archimedes’ principle and the laws of 
flotation. A ship that weighs 4000 tons 
and carries a cargo of 8000 tons must 
beso proportioned as to length, breadth, 
and depth that it will displace 12,000 
tons of water. Some of our aircraft car- 
riers displace 30,000 tons of water, 
(See Fig. 52.) The ocean liner Queen 
Elizabeth displaces 85,000 tons of sea 
water. She is more than twice the 


length of a football field, and almost “ 


twice as wide as the distance from 
home plate to second base. This enor- 
mous floating palace sinks into the 
water deeply enough to displace the 
2,656,250 cubic feet of water needed to 
keep her afloat. The pontoon bridge 
and the floating drydock are other 
applications of Archimedes’ principle, 

A person can float in salt water more 
easily than in fresh water, because the 
density of the salt water is slightly 
greater. The use of the ordinary life 
Preserver is an application of the third 


not tilt to starboard? 


law of flotation. It adds but little to the 


‘weight of the wearer, but it increases 


his volume very greatly; hence the 
combination displaces more water. The 


ee 
Courtesy of the Standard Où Co. (N.J.) 
Fig. 53. This 


curious craft is known as a “marsh 
buggy” because it can travel equally well over 
land or water. It is used chiefly by prospectors 
for oil who need a vehicle which can travel 
through swampy areas just as well as over dry 


land. This one is plowing through the swamps 
in Louisiana, 
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various methods of finding the density 
of solids and liquids depend upon Archi- 
medes’ principle. The various types of 
buoys are examples of the principle of 
flotation. The supply of gasoline to an 


engine by means of a carburetor is con- 
trolled by a floating device, and a float- 
ing ball closes the valve which shuts off 
the water supply in the tank of the 
lavatory. 


QUESTIONS 


1. What determines whether a body will 
float or sink in a given liquid? 

2. Will a brass weight float on mercury? 
Will a piece of solid gold? 

3. You have heard people say that it is 
easier to swim in deep water than in shal- 
low water. Is there any scientific truth to 
this statement? 

4. Will a vessel rise or sink deeper into 
the water as it goes from the Mississippi 
River into the Gulf of Mexico? 

5. Do you think it would be easier to 
float on glycerin than on water? Explain 
your answer. 

6. Some soaps are advertised as “float- 
ing” soaps. How do they differ from or- 
dinary soap? 

7. The density of cork is 0.24 g. per 
cc. What fractional part of a cork is sub- 
merged when it floats on water? 

8. How does the amount of air you in- 
hale affect your ability to float on water? 


9, Some steel rowboats have sealed air 
compartments at the bow and at the 
stern. What is the purpose of the compart- 
ments? 

10. In pulling a fish out of water, why 
does it suddenly become heavier as it 
leaves the water? 

11. Why do thin people generally find 
it difficult to float on water, while stout 
persons float readily? 

12. Why are icebergs such a hazard to 
ocean navigation that the United States 
has to maintain a special Coast Guard Ice- 
berg Patrol in the North Atlantic Ocean 
during certain months? 

13. Why will a raft sink deeper into 
water when people are standing on it, than 
when they sit on the edge of it with their 
legs in the water? 

14, A fisherman ties a piece of lead to 
his line near the hook, and a cork to the 
line a foot or two up from the hook. Why? 


PROBLEMS 


a \ 


1. A block of a certain material is 10 cm. 
long, 5 cm. wide, and 2 cm. thick. If it 
weighs 75 g., do you believe that it will 
float or sink in water? 

2. A piece of iron, density 7.5 g. per 
cc., weighs 150 g. If it is placed in water, 
what volume of water will it displace? 
What will be its loss in weight? What will 
be its apparent weight in water? 

3. What force will be needed to sub- 
merge a life preserver weighing 15 Ib., if it 
has a volume of 1 cu. ft.? 

4. A wooden rod whose length is 10 in., 
sinks to a depth of 8 in. in water. What is 
its density? . 

5, Does the rod of Problem 4 float in 
gasoline which has a density of 0.72 g- 


Group A 


per cubic centimeter? 
6. How deep will the rod of Problem 4 


“sink in carbon tetrachloride whose density 


is 1.60 g. per cc.? 

7. A rowboat weighs 200 Ib. What 
weight of water must it displace if it is to 
carry three persons each weighing 150 Ib.? 
What volume of water must it displace? 

8. What fraction of an iceberg, whose 
density is 0.92 g. per cc., will be im- 
mersed in sea water, whose density is 
1.03 g. per cc.? 

9, A river barge which is 25 ft. wide 
and 100 ft. long has a flat bottom. How 
much deeper will it sink into the water if 
a load of 350 tons of anthracite coal is 
freighted into it? 
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Group B 


10, What is the volume of sea water 
(density 64 lb./cu. ft.) displaced by a 
yessel with a tonnage of 75,000 tons? 

11. A block of wood 5 ft. long, 8 in. wide, 
and 4 in. thick floats on water. It weighs 
45 lb. per cu. ft. What is the weight of the 
block in air? What volume of the block is 
submerged? What is its apparent weight in 
water? 

12. An aluminum cylinder, 2.7 g./cc. is 
placed in water. If it is 10 cm. long, and has 
a radius of 1 cm., what weight of water 
does it displace? What is its weight in air? 
What is its apparent weight in water? 

13. A floating dry dock has 8 compart- 
ments (Fig. 54), each 15 ft. X 15 ft. X 1000 
ft. long. How heavy a vessel can this dry 
dock float? 


Water line 
al when com- 


are full 
of water 


= partments” 
are empty 
Fig. 54. A floating dry dock. 


14. A cubical block 30 cm. on a side is 
immersed in water with its top surface 
20 cm. below the surface of the water and 
parallel to it. Calculate the upward force 
on the bottom of the cube. What is the 
downward force on the top of the cube? 
How does the difference between these 
two forces compare with the loss of weight 
of the cube in water? 

15. A person’s body, density 1.07 times 
that of water, displaces 2.5 cu. ft. of water 
when completely submerged. What is the 
person’s weight in air? If he is kept afloat 
by a cork life preserver which is totally 
submerged and which displaces 1 cu. ft. of 
water, what fraction of his volume is kept 
out of water? 

16. How much force would it take to 
submerge a block of balsa wood 5 ft. long, 
18 in. wide, and 6 in. thick in sea water, if 
it weighs 7.5 Ib. per cu. ft.) If you weigh 
150 1b., could you stand on the block with 
safety? 

17. A piece of pine, density 0.5 g. per 
cc., has a piece of silver, density 10.5 g. 
per cc., imbedded in it. When immersed it 
displaces 1000 cc. of water, and has an 
apparent weight of 250 g. What is the 
weight and volume of the piece of pine and 
of the silver imbedded in it? 


4. Density and Specific Gravity 


51. What are density and specific 
gravity? Several times we have had 
occasion to mention the density of a 
substance. Sometimes it is an advan- 
tage to compare the density of one 
substance with that of another. For 
such a purpose, we need a standard. 
Waler is the standard which physicists 
have chosen with which to compare 
the densities of all solids and liquids. 
For gases, air or hydrogen is used as 
the standard. In physics, we use the 
word specific to imply a ratio. Hence, 
the density of a subslance compared lo the 


density of the standard, such as water 
or air, is called ils specific gravity. Since 
we are comparing the density of a sub- 
stance with the density of water or 
air, we might use the term specific 
density. This would be easier to under- 
stand. However, physicists commonly 
have used the term specific gravity, so 
this is the term we will use, 

We find by experiment that 1 cc. of 
copper has a mass of 8.9 g. We know 
from the definition that 1 ec. of water 
has a mass of 1 g. In the metric system, 
the density of copper is 8.9 g./cc. and 
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the density of water is 1 g./cc. Copper 
is thus 8.9 times as dense as water. 
The abstract number, 8.9, which tells 
how many times as dense or “how 
many times as heavy” copper is as 
water, is called the specific gravity of 
copper. The density of copper is a con- 
erele number, 8.9 g./cc. The specific 
eravity is an abstract number, 8.9. 
Numerically they are the same in the 
metric system. 

If we weigh 1 cu. ft. of copper, we 
find that it weighs 555.36 lb. One cu. 
ft. of water weighs 62.4 lb. By dividing 
555.36 by 62.4 we get the abstract 
number 8.9. Of course the equal vol- 
umes of copper and water will have the 
same relative weights, whether they 
are both weighed in tons, pounds, 
ounces, or grams. In Appendix B you 
will find tables showing the specific 
gravities of several substances. To find 
the density of any substance from the 
table, we multiply 1 g. per cc. by its 
specific gravity if we use the metric 
system, or multiply 62.4 lb. per cu. Ji 
by its specific gravity if we use the Eng- 
lish system. 

52. How can we find specific 
gravity? We can find the specific 
gravity of a substance experimentally 
by finding its density and dividing 
that number by the density of water. 
It is always true that: 

density of z substance 

Sp. t= density of water 

Possibly it is easier to use a slightly 
different statement and then proceed 
to explain how each term can be found 
experimentally: 

wt. of x substance 
Sp ete wt. of same volume of water 


By the use of Archimedes’ principle 


we can easily find the weight of the same 
volume of water, since a body sub- 


OF LIQUIDS 43 


merged in water loses as much weight 
as the weight of the water displaced. 
In general, then, we proceed as fol- 
lows when we wish to find the specific 
gravity of any body: (a) we weigh the 
body to find its weight in air; (b) we 
find the weight of an equal volume of 
water by finding how much weight the 
body loses when submerged in water; 
(c) we divide the weight of the body 
by the weight of the same volume of 
water. 

53. How can we find the specific 
gravity of solids? 1. Solids denser 
than water. If the solid is insoluble, we 
weigh it in air and then weigh it in wa- 
ter. The difference between the weights 
is the loss of weight in water, or the 
weight of the same volume of water. 

S weight in air 

P. St = Apparent loss of weight 
in water 


Prose. A stone weighs 30 g. in air, 
and 20 g. in water. Find its specific gravity. 

Solution. Loss of weight in water is 
10 g. Then 30 g.+ 10 g. = 3, the sp. gr. 
The volume of the stone must have been 
10 cc., since 1 cc. of water weighs 1 g. 


x2. Solids less dense than water. Since 
a floating object loses all its weight in 
water, or seems to, it is more difficult 
than with denser solids to find its vol- 
ume, or “the weight of the same 
volume of water.” It is possible to use 
a sinker. If we find the buoyant effect 
on the sinker alone, and then the buoy- 
ant effect upon the low densily solid 
with sinker attached, the difference is 
the buoyant effect on the low densily 
solid alone. We proceed as follows: 
1. We weigh the solid in air and call 
its weight w. 
2. We find combined weight, solid 
in air and sinker in water, calling 
the sum w’. (See Fig. 55.) 
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3. We then find the combined weight 
of both in water, calling this 
weight w”. 

The difference between w’ and w” is 
equal to the volume of the low density 
solid, since it represents the buoyant 
force on the solid alone, or the weight 
of an equal volume of water. Hence the 
formula: 

Spee = aay 


Prosiem. A piece of cork weighs 50 g. 
A sinker immersed in water weighs 210 g. 
The combined weight of the cork and 
sinker when submerged is 10 g. Find the 
sp. gr. of the cork. 


Solution. Sp. gr. = = The weight 


of an equal volume of water is found by 
subtracting 10, the weight of both when 
submerged, from 260, the combined weight 
of cork in air and sinker in water. Then 
50 ‘i 250 = 0.2, the specific gravity of the 
cork. 


54. How can we find the specific 
gravity of liquids? There are several 
methods for comparing the weight of a 
liquid with that of an equal volume of 
water. Three methods are given here: 
first, the bottle method; second, the 
bulb method; and third, the hydrom- 
eter method. 

1. The bottle method. A small flask or 


Weight of 
body in air 
and sinker 
in water 


a oe gravity of bodies less dense 


bottle, like that shown in Fig. 56, is > 
first weighed. Then it is filled with 
water and again weighed. Next it is 
filled with the liquid of x specific 
gravity and weighed a third time. By 
subtracting the weight of the empty 
bottle from each of the latter weigh- 
ings, we find the weight of water that 
the bottle can hold and the weight of 
the liquid of unknown specific gravity 
that it can hold. Then, 
weight of x liquid 
Beet weight of water — 

The bottle shown in the figure is called 
a pycnometer. Since it has a ground-in 
glass stopper, there is a perfect fit. 
The tiny hole through the stopper 
makes it easy to fill the pycnometer 
with exactly the same volume of liquid 
each time. 


Exampte. A small bottle weighs 22 g.; 
filled with water it weighs 72 g.; filled 
with alcohol it weighs 62 g. Find the 
specific gravity of the alcohol. 

Solution. The bottle: holds 50 g. of 
water. It holds 40 g. of alcohol. The 
specific gravity of alcohol equals #2, or 0.8. 

2. Loss-of-weight method or bulb 
method. The denser a liquid, the greater 
its buoyancy. Hence we can find the 
relative weights of two liquids by com- 
paring their buoyant effects upon some 
solid. A glass bulb or a platinum ball 
is most often used. First we weigh the 
bulb in air, then in water, and then in the 
liquid of æ specific gravity. Of course the 


Fig. 56. A pycnometer holds 
a precise quantity of a liquid. 
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bulb will displace the same volume of 
each liquid. If it loses twice as much 
weight in the z liquid as in water, then 
the z liquid must be twice as dense as 
water. In general, 
apparent loss of weight 
in z liquid 
apparent loss of weight 
in water 


Sp. gr. = 


Exampie. A ball weighs 40 g. in air, 
32 g. in water, and 28 g. in an unknown 
liquid. Find the specific gravity of the liquid. 

Solution. Loss of weight in æ liquid is 
12 g.; the loss of weight in water is 8 g. 
The buoyancy of the x liquid compared 
with the buoyancy of water is 4è or 1.5. 
The specific gravity of the liquid is 1.5. 


3. The hydrometer method. A wooden 
rod, loaded at one end so that it will 
float vertically, sinks in water until the 
weight of the water it displaces ex- 
actly equals its own weight. Placed in a 
liquid of unknown specific gravity it 
sinks until the weight of x liquid dis- 
placed equals its own weight. If the 
rod is uniform, the relative volumes of 
liquids displaced will be proportional 
to the depths to which the rod sinks. 
For example, if the rod sinks 10 cm. in 
water, and to a depth of 8 cm. in 
x liquid, then « liquid is 42, or 1.25 
times as dense as water. 

S _ depth rod sinks in water __ 
ÐP: 8! = Jepth rod sinks in £ liquid 

The commercial hydrometer, Fig. 57, 
has a scale so graduated that the 
specific gravity of the liquid in which it 
floats may be read directly. The upper 
bulb is designed to increase the volume 
of the hydrometer, while the lower 
bulb is filled with shot or mercury so 
that the vertical position of the hy- 
drometer will be maintained as it floats. 
Hydrometers may be made for use 
with liquids less dense than water, or 
for those more dense than water. It is 


possible to have a hydrometer for use 
with either type of liquid. 

55. Knowing specific gravity is 
important. If the story of Hiero’s 
crown is correct, probably Archimedes 
was the first man who made practical 
use of specific gravity. We use specific 
gravity determinations to help us iden- 
tify rocks and minerals. Naturally, too, 
men are interested in alloys that are 
light and strong for use in airplane 
parts. We may use specific gravity de- 
terminations in helping to judge the 
purity of substances. This is particu- 
larly true of liquids. For example, we 
have special hydrometers that are used 
to tell us when our storage battery 
needs recharging. A fully charged 
battery has a higher specific gravity 
than one that has lost most of its 
charge. Some special hydrometers, 
called acidimeters, find use in testing 
the concentration of acids. The alcohol- 
omeler is a special hydrometer’ for 
measuring the per cent of alcohol ina 


Fig. 57. Hydrometers of different types. 
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mixture of alcohol and water. A special 
hydrometer, called a lactometer, is used 
to indicate whether water has been 
added to milk. Milk is slightly more 
dense than water, having a specific 
gravity of about 1.029. A filling station 


attendant estimates the freezing point 
of the mixture of alcohol and water in 
your automobile radiator by using a 
special hydrometer to check the specific 
gravity of the antifreeze mixture. A low 
density indicates a low freezing point. 


Summary 


Liquids have weight; therefore they exert pressure on the bottom and 
sides of the containing vessel. Liquid pressure is directly proportional 
to the depth and density of the liquid; it is independent of direction. 

The total force exerted upon any surface by a liquid equals the product 
of the area times the average depth times the density. 

Pressure applied to any part of a confined fluid is transmitted so as to 
act with undiminished force in every direction. Such pressure acts with 
equal force upon equal areas. This principle is known as Pascal’s law. 

Pascal’s law finds application in the hydraulic press and in various 
other devices. By sacrificing speed, a small force may be used to over- 
come a very great resistance. In all frictionless machines, acting force 
times the distance the acting force moves equals resisting force times 
the distance the resisting force moves. 

The upward force a fluid exerts on a submerged body is called its 
buoyancy. Archimedes found that the magnitude of this buoyant force 
just equals the weight of the fluid displaced. 

The buoyant force on a solid immersed in water must be greater than 
its weight, exactly equal to its weight, or less than its weight. In the first 
case, the solid will rise to the surface and float with a part of its volume 
submerged. In the second case, it remains in equilibrium in the liquid; 
and in the third case, it sinks. 

Density is the mass per unit volume. Specific gravity is the density 
of a certain substance divided by the density of water. 

Specific gravity is found by dividing the weight of a body by the 
weight of a volume of water exactly equal to the volume of the body. 
The latter is numerically equal to the loss of weight of the body in water. 
By means of an hydrometer, the specific gravity of liquids may be read 


directly. 
How many of the following terms can you define or explain from memory? 

Pag Effort Specific gravity 
ressure Resistance Pycnometer 

Densi ty - Archimedes Hydrometer 

Direct proportion Buoyancy Acidimeter 

Inverse proportion Displace Alcoholometer 

Manometer Alloy Lactometer 

Artesian well Flotation Total force 

Pascal Equilibrium 


Hydraulic press 


Mechanical advantage Bulb method 


Specific density 
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QUESTIONS 


1. Why is density always expressed in 
units such as pounds per cubic foot, or 
grams per cubic centimeter, while specific 
gravity has no units? 

2. Refer to Tables 3 and 4 in Appendix 
B. From these tables, tell how you calculate 
the density of a substance (a) using the 
metric system, (b) using the English sys- 


tem. 

3. The specific gravity of the liquid in a 
storage battery varies from 1.150 when the 
cell is discharged, to 1.300 when fully 
charged. How can you use a hydrometer to 
determine the state of charge of a storage 
battery? 

4. Given the following liquids which will 
not dissolve in one another: mercury, water, 
and carbon tetrachloride. If all three are 
placed in a graduated cylinder, which liquid 
will come to the top, which will be in the 
middle, and which will sink to the bottom? 

5. If pieces of brass, gold, bituminous 
coal, and paraffin are placed with the 
liquids in Question 4, at what level will 


they float, or will they sink to the bot- 
tom? 

6. Which has the highest specific gravity, 
skim milk, cream, or whole milk? Which 
the lowest? How could you use a lactometer 
to estimate the amount of butter fat in 
milk samples? 

7. During winter months, ethylene gly- 
col (Prestone) is added to automobile 
radiators to prevent freezing. The specific 
gravity of Prestone is 1.1155 at 60° F. Sup- 
pose you ordered 8 qt. of Prestone added 
to your radiator that holds 16 qt. of liquid. 
The filling station attendant added 2 qt. 
of Prestone and filled the radiator with 
water. How could you easily detect the 
fraud? 

8. Why are density and specific gravity 
the same numerically in the metric system? 

9. Why are density and specific gravity 
different numerically in the English sys- 
tem? 

10. Can you use the specific gravity ofa 
liquid as an indication of its purity? 


PROBLEMS 


(See the tables of specific gravities in Appendix B.) 
Group A 


1. What is the specific gravity of copper 
which has a density of 8.9 g. per ce.? 

2. What is the specific gravity of mag- 
nesium which weighs 108.6 Ib. per cu. ft.? 

3. In using the bottle method for finding 
specific gravity, Harry found that the pyc- 
nometer held 25.0 g. of water, and 37.5 
g. of chloroform. What is the specific 
gravity of chloroform? 

4. A block of aluminum weighs 100 g. 
in air, and 63 g. in water. What is its 
specific gravity? 

5. What will be the weight of 2 cu. ft. of 
granite? 

6. A wooden stick hydrometer sinks to a 
depth of 10 in. in ether, and to 7.2 in. in 
water. Calculate the specific gravity of 
ether. ` 

7. What is the weight of 50 ce. of plati- 
num in air? What will be its loss of weight 
in water? What will be its apparent weight 
in water? 


8. A glass bulb loses 35 g. when im- 
mersed in water, and 44.1 g. when im- 
mersed in glycerin. What is the specific 
gravity of glycerin? 

9. A certain substance weighs 300 lb. 
in air and 250 Ib. in water. Find its specific 
gravity. What is its density? Calculate its 
volume. 

10. A small flask weighs 25 g. When 
filled with water, it weighs 75 g. Filled 
with carbon disulfide it weighs 88.5 g., 
and filled with cottonseed oil, it weighs 
71 g. Calculate (a) the specific gravity of 
carbon disulfide; (6) the specific gravity of 
cottonseed oil. 

11. A platinum bulb weighs 100 g. in 
air, 95.4 g. in water, 37.4 g. in mercury, 
and 91.6 g. in sulfuric acid. Find (a) the 
volume of the bulb; (b) the specific gravity 
of mercury; (c) the specific gravity of sul- 
furic acid. 

12. How much weight will 25 cc. of 
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gold lose in water? How much weight will 
25 ce. of aluminum lose in water? 

13. How much weight will 25 g. of 
gold lose in water? How much weight will 
25 g. of aluminum lose in water? 

14. A pycnometer weighs 40 g. When 


it is filled with water, it weighs 80 g., 
when filled with gasoline, it weighs 68 g., 
and when filled with kerosene, it weighs 
72 g. Find (a) its capacity; (b) the spe- 
cific gravity of gasoline; (c) the specific 
gravity of kerosene. 


Group B 


15. A large stone in air weighs 60 lb. If 
the stone weighs 180 lb. per cu. ft., what 
will be the stone’s weight in water? 

16. What is the specific gravity of a 
material which loses half of its weight 
when immersed in water? 

17. You have been given a block of 
metal, which is said to be pure silver, but 
which you think is an alloy. It weighs 
300 g. in air, and when immersed in water 
weighs 271.4 g. Is it pure silver, or is it 
an alloy? 

18. A block of wood weighs 80 g. in 
air, a sinker weighs 70 g. in water, and 
the combined weight of the block and 
sinker in water is 50 g. What is the specific 
gravity of the wooden block? 

19. A piece of maple weighs 150 g. in 
air. The maple in air and sinker in water 
have a combined weight of 235 g. When 
both are immersed in water, their weight is 
35 g. Find the specific gravity of the 
maple. 

20. What fraction of the volume of a 
200 g. brass weight, specific gravity 8.4, 
will be immersed when floated on mercury? 

21. What fraction of the volume of a 

block of wood 2 ft. X 1 ft. X 4 in,, weigh- 
ing 30 Ib. will be submerged if it is floated 
on chloroform? 
_ 22. A piece of beeswax weighs 240 g. 
in air. It is attached to a sinker which 
weighs 185 g. in water. The combination 
in water weighs 175 g. What is the den- 
sity of the beeswax in the metric system? 
In the English system? 


23. A barge is 150 ft. long and 30 ft. 
wide. When empty its water line is 6 ft. 
above the surface of the lake. How many 
cubic yards of stone, specific gravity 3, can 
be loaded into the barge? 

24. A tank 4 ft. long, 3 ft. wide, and 
2 ft. high is filled with gasoline, specific 
gravity 0.7. Calculate the weight of the 
gasoline, and the total force and the pres- 
sure on the bottom of the tank. If the tank 
is tipped on end, find the total force and the 
average pressure on what was originally the 
bottom of the tank. How do they compare? 

25. What pressure, in pounds per square 
inch, must be maintained in a water line 
which delivers water to the top of a 40-story 
building, 525 ft. above the street level? 

26. A block of-lead loses 250 g. when 
immersed in water. What is the weight of 
the block in air? What would be its weight 
in water? Its weight in mercury? 

27. It is estimated that some stars are 
so dense that 1 cu. in. weighs 1 ton. Cal- 
culate the specific gravity. 

28. A hydrometer weighs 100 g. If the 
cross-sectional area of the tube containing 
the hydrometer scale is 5 sq. cm., how 
much deeper will it sink into alcohol, den- 
sity 0.8 g. per cc., than into water? If the 
hydrometer is graduated in fiftieths of a 
specific gravity unit, how far apart are 
these divisions on the scale? 

29. What must be the volume of a cork 
which keeps afloat with only half its vol- 
ume submerged when on a fishing line with 
a lead sinker weighing 25 g.) 


D 


Unit One 


Chapter 3 SY 


4. The Atmosphere 


56. Does air have weight? We 
move so readily and easily through 
the air about us that we scarcely stop 
to think that air has weight. But that 
fact is evident immediately when we 
see the damage caused yearly by hurri- 
canes and tornadoes. In the laboratory 
it is actually possible to weigh air and 
find that its weight is appreciable. 

Fig. 58 shows a metal globe (baro- 
scope globe) fitted with a stopcock. 
Weigh the globe, pump out the air, and 
weigh it again. It will weigh less than 
before. If we open the stopcock again, 
the air will rush in, and the globe will 
weigh as much as it did at first. This 
experiment proves that air takes up 
room and that it can be weighed. It 
can be pumped from one vessel into 
another, just as we inflate automobile 
tires or exhaust vacuum tubes. Experi- 
ments show that one liter of air at a 
lemperature of 0° C. and under a pres- 
sure of 76 centimelers of mercury weighs 
1.293 g. (See Section 70.) One liter of 
air is about 1/773 as heavy as one liter 
of water. 

Although air has only a fraction of 
the density of water, yet the weight of 
air in a large room is considerable. At 
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sea level] cu. ftof air weighs a trifle 
more than_1.25 oz), and 1 cu. yd. a 
little more than’? Ib. The air in a school- 
room 30 ft. long X 24 ft. wide, with a 
14-ft. ceiling, weighs nearly 800 Ib. 
Air is the popular standard for de- 
termining the specific gravity of gases, 
although hydrogen, the gas of lowest 
density, is often used by scientists as 
a standard. When hydrogen is used, 
there can be no specific gravities of 
gases that are less than one. Several 
gases are less dense than air, includ- 
ing nitrogen, ammonia, and carbon 


Fig. 58. A baroscope globe. 


Vocabulary a 


Anerror, without liquid. 

Caisson, a watertight chamber used for con- 
struction work under water. 

Denyprate, to remove water from a food or 
other substance. 
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Pneumatics, that branch of physics that deals 
with the mechanical properties of gases. 
UNBALANCED, applied to a greater force on 
one side of an object than exists on the 

opposite side. 
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monoxide, but many gases are con- 
siderably denser than air. 

57. Does air exert pressure? If 
air has weight, no matter how easily 
we move through it, it must exert pres- 
sure, too. If we go up or down in an 
elevator, or drive up the road on a 
mountain or down into a valley, we 
feel the difference in air pressure at 
different altitudes. Our ears “pop” 
when the air pressure changes. 

Suppose that we tie a thin rubber 
membrane over the open top of a bell 
jar, as in Fig. 59, and then pump the 
air out. The rubber is pressed farther 
and farther down into the jar as we 
gradually pump out the air, and the 
membrane will probably burst. As we 
exhaust the air from the inside, we re- 
move the upward pressure which the 
air inside had been exerting, and the 
unbalanced downward pressure causes 
the membrane to burst. 

We may also use an empty varnish 
can to show air pressure. Let us take a 
can of one-half gallon capacity, put 
into it a little water, and then heat the 
water to boiling. The steam that forms 
drives all the air out of the can, Next 
let us stopper the can tightly and cool 
it by holding it under running water. 
As the steam condenses and reduces 
the pressure inside, the unbalanced out- 
side pressure crushes the can. Common 
sense tells us that if air has weight, it 
must exert pressure, 

Like liquids, gases are fluid, al- 
though they are more mobile; their 
elasticity is almost perfect. Therefore, 
the facts we have already learned con- 
cerning liquid pressure and the prin- 
ciple of Archimedes apply to gases as 
well as to liquids, 

Although we really live at the 
bottom of an “ocean of air,” 


we d 
not feel the pressure which the : 


atmos- 


phere exerts, because the pressure js ° 


nearly equal in all directions. When we 
see the wind breaking the limbs of 
trees, uprooting trees bodily, or top- 
pling over buildings, then we begin to 
realize the enormous pressure which 
the air can exert. 

58. Why do liquids rise in ex- 
hausted tubes? Every time we suck 
soda water through a straw we demon- 
strate the fact that liquids rise in ex- 
hausted tubes. The Greeks and Ro- 
mans explained this phenomenon by 
saying that ‘‘Nature abhors a vac- 
uum,” — the liquid rising to take the 
place of the air which is removed by 
suction. Just how absurd this idea is 
may be pictured if we try to imagine 
nothing (a vacuum) pulling something 
up the tube. 

About the middle of the 17th cen- 
tury the Duke of Tuscany had a well 
dug, but he found that the water would 
not rise more than 32 ft. in the tube of 
the pump he was using. Then he went 
to Galileo for an explanation. The aged 
philosopher answered, “Evident! y na- 
ture’s horror of a vacuum does not 
extend beyond 32 feet.” 

Whether Galileo knew the correct 
reason is uncertain. He did know that 


Air presses 
down here 


To exhaust pump 


Fig. 59, Air presses the membrane down inte 
the bell jar, 
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air has weight and probably suspected 
that it was the pressure of the atmos- 
phere that pushed liquids up exhausted 
tubes. (See Fig. 60.) He devised an ex- 
periment to explain this phenomenon, 
but his death in 1642 occurred before 
he had time to carry it out. Torricelli, 
his brilliant pupil, continued the ex- 
periment which explains conclusively 
why liquids rise in exhausted tubes. 
59. What was Torricelli’s experi- 
ment? Torricelli suspected that it was 
the pressure of the surrounding air 
that pushed the water up the tube of 
the Duke of Tuscany’s pump. Hence 
he reasoned that mercury, which is 13.6 
times as dense as water, would be 
pushed up only 1/13.6 times as far in 
an exhausted tube. He took a glass 
tube about 3 ft. long, closed at one 
end, and filled it with mercury. Plac- 
ing his finger over the open end of the 
tube, he then inverted it in a bowl of 
mercury. (See Fig. 61.) When he re- 
moved his finger from the opening, 
only a little of the mercury flowed out 
of the tube. The mercury column, AB, 
stood at a height of about 30 in. above 
the level of the mercury in the bowl. 
Thus Torricelli proved that the at- 
mospheric pressure at sea level is just 
counterbalanced by a column of mer- 
cury 30 in. high. It is not strictly cor- 
rect to say that liquids “rise” in ex- 


——Partial vacuum 


Air presses down on 
the water surface 


Fig. 60. Liquids are pushed up into exhausted 
tubes by air pressure. 
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hausted tubes; they are “pushed up” 
the tube by the pressure of the air on 
the surface of the liquid outside the 
tube. 

60. Pascal convinced himself. 
When Pascal learned of Torricelli’s ex- 
periment, he was not entirely con- 
vinced that his explanation was correct. 
He reasoned that if the mercury column 
in a Torricellian tube was actually sus- 
tained by the pressure of the atmos- 
phere, the height at which such a 
column stands would be less at higher 
altitudes than at sea level. He carried a 
Torricellian apparatus to the top of a 
tower in Paris and found a slight de- 
crease in the height of the mercury 
column. Then he wrote to his brother- 
in-law, requesting him to repeat the 
experiment by carrying a Torricellian 
apparatus to the top of Puy-de-Dôme, 
a mountain about 1000 meters high. 
The mercury fell about 8 cm. in the 
tube as he made the ascent, and he 
wrote to Pascal that he was “ravished 
with admiration and astonishment.” 
We know that water pressure increases 
with the depth. Since the atmosphere 
js an “ocean of air,” we are not sur- 
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Fig. 61. A Torricellian 
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Fig. 63. Blaise Pascal (1623-1662) was a French 
philosopher. In mathematics he wrote a treatise 
on conic sections. The pupil in physics will re- 
member Pascal for his experiments on liquid 
Pressure and his researches with a Torricellian 
apparatus. 


prised that the pressure in the valleys 
is greater than it is on the mountain 
tops. There is this difference, however: 
air is so compressible that its density 
varies with the altitude, while the 
density of water is not much affected 
by the depth. (See Fig. 63.) 

61. How great is the atmospheric 
pressure? The experiments begun by 
Torricelli and elaborated by Pascal 
prove conclusively that the height to 
which a liquid will rise in an exhausted. 
tube depends upon the pressure of the 
air on the surface of the liquid out- 
side the tube. The average of a large 
number of experiments shows that the 
air at sea level exerts sufficient pres- 
sure to counterbalance a mercury 
column 76 cm. high (about 30 in.). 
Since we know how to calculate fluid 
pressures, we can find the magnitude 
of the pressure which the air exerts, 
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Since pressure equals depth times den- 
sity, we multiply 76 cm. by 13.6 
g. per cc. Thus we find that the air pres- 
sure is 1033.6 g. per sq. cm. at sea 
level. 

In the English system, 30 in. = 2.5 
ft., the depth. The density of mercury 
= 62.4 X 13.6 (its sp. gr.), or 848.6 
lb./cu. ft. Then, 


2.5 ft. X 848.6 Ib./cu. ft. 
E 144 sq.-in./sq. ft. 


The pressure is 14.7 lb. per sq. in., 
which is known as the “pressure of 
one atmosphere.” “Two atmospheres 
pressure” would equal 29.4 lb. per 
sq. in. 

If we made a Torricellian tube to be 
filled with water, it would need to be 
13.6 times as long as one filled with 
mercury. (13.6 X 30 in. = 408 in., or 
34 ft.) If the atmospheric pressure at 
sea level can raise a column of water 
only 34 ft., we can understand why 
the Duke of Tuscany’s pump would 
not lift water more than 32 ft. No 
pump produces a perfect vacuum. 
Fig. 62 shows three tubes which repre- 
sent the relative heights of columns of 
mercury, water, and the atmosphere 
producing the same pressure. 

62. The Magdeburg hemi- 
spheres. In 1650 Otto von Guericke, 
Mayor of Magdeburg, conceived the 
idea that air, which he believed to bea 
substance, could be pumped out of a 
container. In that year he invented the 
air pump, or vacuum pump, probably 
being at the time entirely ignorant of 
the work of Torricelli and Pascal. He 
was anxious to learn whether any pe- 
culiar effects could be observed in the 
Space, or vacuum, from which the air 
had been exhausted, 

Incidentally, he devised a striking 
experiment which helps to give us an 


> 
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cova s XP 


Fig. 64. Otto von Guericke’s experiment as performed at Magdeburg. 


idea of the enormous force of the 
outside air upon a vessel from which 
the air has been pumped. He made two 
hollow hemispheres, about 22 in. in 
diameter. The edges were ground so 
smooth that when covered with a 
heavy grease and placed together they 
fitted airtight. He then pumped the 
air out of the hemispheres and closed 
the stopcock. In a demonstration held 
in the presence of the Emperor and the 
Reichstag, it is said to have required 
16 horses, eight on each side, to pull 
the hemispheres apart. (See Fig. 64.) 
Small hemispheres of this type are 
found in every physics laboratory. Al- 
though they are usually only 3 or 4 in. 
in diameter, two strong boys cannot 
pull them apart when they are fitted 
tightly and evacuated. 

63. The mercurial barometer. A 
barometer is used to measure the pres- 
sure of the air at any given place or 
time. If we have a Torricellian tube 


and bowl, it is a simple matter to make 
a barometer. We need a support for 
the tube and a measuring stick to find 
the height of the mercury column. 
Sometimes the tube is attached to a 
board upon which a scale is marked; in 
other cases a measuring stick is fas- 
tened to the board alongside the tube. 
Quite often a metal tube is used as a 
frame to support the tube and bowl, 
and to protect them against breakage. 
(See Fig. 65.) The scale in inches or cen- 
timeters is etched on the metal tube. 
Such a tube has a vertical slot cut in it 
near the top so that the level of the 
mercury in the Torricellian tube can 
be seen and measured. (See Fig. 66.) 
Tf the air pressure grows less, some 
of the mercury will flow out of the 
tube into the bowl, and conversely. 
This changes the level. In order to have 
a fixed point from which to measure 
the height of the column, a small 
pointed ivory peg is mounted on the 


a 
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Scale on 
barometer+_ 


Fig. 66. A vernier scale is used to 
read the barometer accurately. 
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Fig. 65. 
Mercurial 
rometer. 


Fig. 67. Bowl of barometer. 


frame just inside the bowl. The point 
of the peg is used as the zero mark of 
the scale. By means of a flexible mem- 
brane and a thumbscrew, as shown in 
Fig. 67, the surface of the mercury in 
the bowl can always be raised or 
lowered to coincide with the tip of the 
ivory peg, and this should always be 
done before any readings are taken. 
Mercury is suitable for use in these 
cistern barometers, as they are some- 
times called, because it has a high 
specific gravity, and it does not freeze 
readily. It does expand, however, with 


an increase in temperature. Hence ° 
readings taken with a mercurial ba- 
rometer must be corrected for tempera- 
ture changes. 

64. The aneroid barometer. Since 
the mercurial barometer described in 
the preceding section must be at least 
3 ft. in length, it is awkward to handle. 
It is not easily portable, and it must 
hang in a vertical position. Hence 
such a barometer would not be satis- 
factory on a rolling ocean vessel, or on 
an airplane, especially one in which the 
aviator wished to loop-the-loop. 

The aneroid (without liquid) barom- 
eter is convenient and is not affected 
by a change in position. It consists 
essentially of a shallow box, with a 
thin, corrugated metal cover. (See Fig. 
68.) Since there is a partial vacuum in 
this box, the elastic cover is very sensi- 
tive to changes in atmospheric pres- 
sure. The base of the metal box is 
fastened to the base of the instrument. 
As the top moves up or down in re- 
Sponse to pressure changes, its motion 
is communicated to a system of levers. 
A slight motion of the elastic cover 
applied to the short end of a lever is 
multiplied at the long end of the lever. 
By such multiplying devices, it be- 
comes easy to perceive the slightest 
change in the diaphragm, or metal 
cover. The lever motion is communi- 


_-Box partially 
7 collapsed 


Fig. 68. The top figure shows a partially evacu- 
ated metal box. The lower figure shows how the 
box collapses under air pressure, 
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Fig. 69. Diagram to show how an aneroid ba- 
rometer operates. 


cated by a chain or cord to a pointer 
that moves over a graduated scale. (See 
Fig. 69.) Of course this scale must be 
graduated or calibrated by comparison 
with a standard mercurial barometer. 

The aneroid barometer may be made 
practically any size. Some are small 
enough to be carried in the pocket like 
a watch. Many of them are about the 
same size as an ordinary alarm clock. 
A good aneroid. barometer is so sensi- 
tive that it shows a change of pressure 
when lowered from a table to the floor. 
(See Fig. 70.) 

The self-recording aneroid barome- 
ter, or barograph, carries a long pointer 
which traces in ink a continuous record 
of the atmospheric pressure. (See Fig. 
71.) Sheets of paper are marked with 


horizontal lines to indicate pressures, 
and vertical lines to show the days and 
hours of the week. These sheets are 
fastened to a cylinder which is turned 
by clockwork through one complete 
revolution in one week. As the paper 
turns on the cylinder, the pointer 
traces a continuous line that shows the 
pressure for any time during the week. 
Sheets of this kind may be filed as a 
permanent record of the atmospheric 
pressure. Fig. 72 shows such a record 


Fig. 70. An aneroid barometer. The corrugated 
box can be seen near the bottom of the instru- 
ment. One pointer is set and remains stationary 
to compare the changes in barometric pressures 
over given intervals. 


Fig. 71. Barograph. A self- 
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Fig. 72. Observe the sudden dip in barometric pressure during the hurricane of September, 1938. 
Extremely low pressures are ássociated with such storms as this West Indian hurricane. 


made at Newark, N.J., for the week 
beginning September 18, 1938. 

65. What are some uses of the 
barometer? 1. To measure altitudes. 
For many years the barometer has been 
used to measure altitudes. At the 
present time it is used more exten- 
sively than before, since the deter- 
mination of altitudes is of so much 
importance to aviators and balloon- 
ists. Aneroid barometers for use on air- 
planes are graduated to read altitudes 
directly. They are called allimeters. 

A new “terrain clearance indicator” 
has been designed to replace “the 
standard altimeter. The new instru- 
ment warns the(pilot of a rise in ground 
elevation ahead of him or to one side 
and also registers his clearance as he 
passes over an elevation, ; 

For comparatively small elevations, 
the barometer falls 0.1 in. for every 
90 ft. of ascent. The fall is not so regu- 
lar above a few hundred feet. At the 
top of Mt. Blanc (15,781 ft.) the ba- 
rometer reading is approximately half 
what it is at sea level, while at the 
top of Mt. Everest (29,141 ft.) the ba- 
tometer reading is less than 10 in. 

By putting a Torricellian apparatus 
under a bell jar so that the air pressure 


may be reduced by means of a vacuum 
pump, as shown in Fig 73, we can very 
easily see what happens to the mer- 


cury column as we pump the air from 
the bell jar. Without the necessity 
of carrying a barometer to the top 


of a mountain, we can observe what 
happens to the mercury column in 
a barometer as the air pressure is 
lowered. By the use of the Torricellian 
tube supported in a bottle of mer- 
cury by means of a two-holed rubber 
stopper, we can easily observe the fluc- 
tuations in the height of the mercury 
column as we change the pressure by 
sucking or blowing through a rubber 


Pressure is 
less than one 
„atmosphere 


Fig. 73. Mercury falls in barometric tube as 
pressure is reduced, 
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tube attached to the other hole in 
the stopper. 

2. To forecast weather. The beginner 
in physics is generally astonished to 
learn that dry air is denser than moist 
air. But water vapor is only about 0.6 
as dense as air. Hence, the more 
moisture the air contains, the less 
pressure it exerts. For that reason the 
barometer falls in moist weather. This 
fact is just contrary to the popular 
belief that moist air is heavy. It is op- 
pressive, but really less dense than dry 
air. Such errors often occur through 
our misuse of the English language. 
We speak of a “heavy” cream, when 
we mean a “thick” cream. Cream is 
of low enough density to float on milk, 
and “extra heavy cream” is actually 
less dense than “heavy cream.” 

A rising barometer shows that the 
density of the air is increasing. Hence, 

A rising barometer indicates fair or 
clearing weather. 

A rapidly falling barometer indicales 
an approaching storm. 

Continued high barometer indicates 
steady, fair weather. 

66. How are weather maps made? 
From a single reading of the barometer 
it is impossible to make any accurate 
predictions concerning weather con- 
ditions. By observing successive read- 
ings of the barometer, however, some 
success in forecasting may be attained. 
But to get results that are of real value, 
one must study the readings of a num- 
ber of barometers scattered over a wide 
arca. The United States Government 
has observers stationed at various 
points throughout the United States. 
Reports taken simultaneously are tele- 
graphed to central stations, where 
weather maps are prepared as follows: 
On a blank map of the United States 
heavy lines called isobars are drawn 


through places that report the same 
barometric pressure. A dotted line 
called an isotherm is drawn through 
those places where the temperature 
was 32° F. at 1:30 a.m., E.S.T. (East- 
ern Standard Time) when the observa- 
tion was made. An isotherm for 0° F. 
is also included. Arrows, used to show 
wind direction, fly with the wind. The 
feathers on the shaft of the arrows in- 
dicate the force of the wind on the 
Beaufort Scale. Precipitation is shown 
by shading, and the condition of the 
sky, whether clear, cloudy, partly 
cloudy, is shown by the shading within 
the circles that represent the tips of 
the arrows. Some 103 different symbols 
are used to represent rain, fog, snow, 
lightning, thunder showers, and so 
forth. Code figures show the height of 
visibility, or the ceiling, in feet and the 
distance at which objects are visible 
in miles and tenths, measured horizon- 
tally. The weather map on page 58 
shows the symbols used to indicate 
the sky condition and the values of 
the Beaufort Scale. 

The isotherms run in a general east 
and west direction, but the isobars 
form open or closed curves around 
“high pressure areas” and “low pres- 
sure areas.” Just as water flows from 
high pressure to low pressure, or runs 
down hill, so winds blow from regions 
of high barometric areas toward low 
pressure areas. In general, winds blow 
toward the center of low pressure areas, 
but the rotation of the earth on its axis 
deflects the winds so that the storm has a 
rotary motion. Low pressure storms are 
called cyclones, but this word does not 
have the same meaning as “‘tornado.” 
The winds in such cyclonic storms blow 
in a counter-clockwise direction in the 
northern hemisphere. They generally 
move from west to east across the 
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EXPLANATION OF THE WEATHER Map, FIG. 74. 


The figure beside the station circle indicates the current Fahrenheit 
temperature; a decimal number beneath the temperature indicates the 
amount of precipitation in inches during the past twenty-four hours. 

Cold front: a boundary line between cold air and a mass of warmer air, 
under which the colder air pushes like a wedge, usually advancing south- 
ward and eastward. 

Warm front: a boundary between warm air and a retreating wedge of 
colder air over which the warm air is forced as it advances, usually north- 
ward and eastward, 

Stationary front: an air mass boundary which shows little or no move- 
ment. 

Occluded front: a line along which warm air has been lifted from the 
earth’s surface by the action of the opposing wedges of cold air. This 
lifting of the warm air often causes precipitation along the front. 

Shading on the map indicates the areas where there has been precipita- 
tion during the past twenty-four hours. 

Isobars, the solid black lines, are lines of equal barometric pressure 
which show the pressure patterns which control air flow. The labels are 
in millibars and inches. 

Winds are counter-clockwise toward the center of low-pressure systems, 
and clockwise and outward from the high-pressure areas. 

Pressure systems usually move eastward at an average movement of 500 
miles a day in the summer and at a rate of 700 miles a day in the winter. 


mercury, but the United States weather 
maps now show isobaric pressures in 
millibars, which are based upon ab- 


United States. As a rule, they are ac- 
companied by cloudy weather, with rain, 
snow, or some other form of precipita- 


tion, and temperatures somewhat above 
normal. 

The general direction of the winds 
is outward from areas of high pressure, 
but the rotation of the earth on its 
axis causes them to move in a rotary 
direction, which is clockwise in the 
northern hemisphere. Such storms are 
known as anti-cyclones. They are 
generally accompanied by fair or clear 
weather, with temperatures below normal. 

The isobars used on the older maps 
represented air pressure in inches of 


solute units. The table in Fig. 75 shows 

the corresponding relation between the 

barometric pressure in inches and the 

pressure in millibars. 

Millibars 

999 

1016 
1033 


1050 
1057 


Inches 
29.5 


Inches Millibars 


27 914 
27.5 931 


28 948 


28.5 965 
29 982 


Fig. 75. Relation between barometric pressure 
in inches and in millibars. 
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On page 58 you will see a weather 
map of the type which generally ap- 
pears in daily newspapers. It does 
not have the many complicated sym- 
bols which appear on the regular 
weather maps used by government 
forecasters. But it does have the im- 
portant symbols on it so that you can 
see the general weather conditions 
throughout the United States. The iso- 
bars are labeled in inches at one end of 
the open curves, and in millibars at the 
opposite end. The areas of high and low 
pressure are marked. Since this map is 
for a summer day, the isotherms for 
32° F. and for 0° F. are not needed. 

The black lines representing the 
fronts of air masses have supplemen- 
tary symbols placed on them to tell 
what type of fronts they are. The 
pointed triangles scattered along these 
lines represent cold fronts. The tiny 
hemispheres along these lines indicate 
warm fronts. The use of triangles on 
one side of these lines and of hemi- 
spheres on the other side represents a 
stationary front. 

Regular weather maps may be se- 
cured for school use from the Super- 
intendent of Documents, Government 
Printing Office, Washington, PAS DOP 

67. How are weather maps inter- 
preted? From long periods of obsery- 
ing weather conditions and weather 
maps, several facts concerning storms 
and their movements have been learned: 
(a) Cyclonic and anti-cyclonic storms 


Servers can be remarkabi 
their predictions, (b) 
such storms usually 
to 700 miles daily, 
fickle; they may s 


ly accurate in 
The velocity of 
varies from 400 
although storms are 
low down, speed up 


suddenly, or remain stationary for’ 
several hours. (c) As storms pass suc- 

cessively over one place after another, 

they bring with them their own charac- 

teristic weather conditions. (d) As a 

rule, cyclonic and anti-cyclonic storms 

succeed one another at two- to three- 

day intervals. (e) High and low areas 

are generally from 500 miles to 1500 

miles in diameter. 

A skilled forecaster at some central 
station has before him the data from 
the 187 stations represented upon a 
United States weather map, and he 
has reports from some 500 other sta- 
tions. From such data he can predict 
with remarkable accuracy. À good 
forecaster must be correct in his pre- 
dictions at least 80% of the time, but 
he may fail if a storm suddenly 
changes its direction, slows down or 
accelerates, or if it loses or gains in 
intensity. 

Usually weather predictions are 
made for 24 hours in advance, although 
predictions are sent out by daily papers 
or by radio at least twice daily. Large 
airports have their own forecasters and 
sometimes publish their own maps 
giving weather conditions for short 
periods in advance. Of especial im- 
portance are the reports of “height of 
ceiling,” local thunder showers, and 
“range of visibility.” 

Forecasts made 48 hours ahead are 
fairly reliable. For example, a storm 
whose center is in the Chicago area is 
likely to reach Cleveland or Buffalo 
about a day later, and to arrive in 


‘Albany or New York about two days 


later. Much progress has been made 


in long-range forecasting, for a week 


or more in advance, but the forecasts 


given In some almanacs for an entire 
Year have no selentific value, 
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talks about the weather, but nobody 
does anything about it,” isn’t quite 
true any more. Recently experiments 
have been carried out to attempt to 
produce rain artificially over regions 
suffering from drought. Two methods 
have been tried. In one method, clouds 
are seeded with finely divided particles 
of “ Dry Ice,” which form the nuclei of 
raindrops. A second method uses a 
smoke of silver iodide, The water vapor 
of a cloud condenses on the smoke par- 
ticles, producing raindrops. 

68. How high does the atmos- 
phere extend? This question cannot 
be answered accurately. At an eleva- 
tion of three miles, the pressure of the 
air is only about half as great as at sea 
level. Colonel Mario Pezzi reports that 
he ascended in a cabin airplane to a 
height of 56,016 ft., or more than 10.5 
mi. At such altitudes the air is too rare 
to support respiration, and aviators 


Fig. 77. The Photograph on th 
miles above the earth. Th 


e left was taken by @-camera on a 


must carry a supply of oxygen. Elec- 
trically heated fur suits are worn by 
aviators at high altitudes, since the 
temperature falls to more than sixty 
degrees below 0° F. Airplane engines 
are equipped with superchargers to 
supply the engine with more oxygen 
when flying in rarefied air. Without a 
supercharger, an airplane engine at a 
height of 20,000 ft. loses about 60% in 


efficiency. 


On Noy. 11, 1935, Anderson and 
Stevens ascended in a gondola carried 
by a huge balloon up into the strato- 
sphere to an altitude of 72,394.8 ft., 
over 13.7 miles. The stratosphere is 
that portion of the upper atmosphere 
in which the temperature is almost 
uniform and in which clouds do not 
form. The portion of the atmosphere 
below the stratosphere is called the 
troposphere. 

Self-registering instruments have 
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been carried by small balloons to a 
height of nearly 22 miles. When the 
balloons expand in such rare atmos- 
phere they burst and release the instru- 
ments, which are protected by para- 
chutes against injury from rapid fall. 
On March 7, 1947, a V-2 rocket was 
fired upward from the White Sands 
Proving Grounds in New Mexico. It 
reached a record height of 100 miles 
above the earth. In the rocket was an 
automatic camera which photographed 
an area of 200,000 square miles of the 
southwestern United States and 
Mexico. (See Fig. 77.) Flights at super- 
sonic speeds, that is, faster than the 
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speed of sound, about 700 miles per 
hour, have been made at undisclosed 
heights. These were announced by the 
United States in June, 1948. It is be- 
lieved that these flights took place in 
the stratosphere at altitudes above 
35,000 feet. 

From the darkening of the moon by 
the earth’s atmosphere at the begin- 
ning of an eclipse, from the height of 
the aurora borealis, and from observa- 
tions of the height at which meteors 
entering our atmosphere begin to glow, 
it is estimated that rarefied portions of 
the atmosphere extend to a height of 
from 125 to 500 miles. 


QUESTIONS 


1. Describe an experiment which proves 
that air has weight. 

2. How can you show that air exerts 
pressure? 

3. What kind of weather is generally 
associated with a high barometer reading? 
With a low barometer reading? 

4. What type of weather may be ex- 
pected within the next 12 to 24 hours if the 
barometer is rising? If the barometer is 
falling? 

5. What supports the mercury column. 
in a barometer? What is above the mercury 
in a barometer tube? 

6. The bottle fitted with a stopcock, 
shown in Fig: 78, is evacuated. If the tube 
is held below the surface of the water, and 
the stopcock opened, water flows into the 
bottle. Explain. 


---Vacuum 


Air presses 
down here 


Fig. 78. Fountain in a vacuum, 


7. When pouring a liquid from a can, 
one generally punches two holes in the top 
on opposite sides. Why is the second hole 
necessary? 

8. Does the diameter of a barometer 
tube have any effect on the height of the 
mercury column? 

9. If a barometer is tilted, will it give a 
true reading? What height must be meas- 
ured in order to get a true reading? 

10. Fill a bottle with water, cover it 
with a glass plate, and invert it in a pan of 
water. (See Fig. 79.) Why does the water 
not flow out of the bottle when the glass 
plate is removed? Put one end of a glass 
tube under the mouth of the bottle and 
plow through the tube. Why does the air 
rise in the bottle? Why does the water flow 
out of the bottle as the air enters? Gases 
are often collected in this way in a chemical 
laboratory. This method is called “water 
displacement.” 


Fig. 79. In the laboratory gases may be collected 
by water displacement. 


_ ff 
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11. Why is mercury a more satisfactory 
liquid to use than water in a barometer? 

12. Pipettes are used in measuring liq- 
uids. As the air is sucked out of the pipette 
when its tip is beneath the surface of the 
liquid, the liquid rises in the pipette. Ex- 
plain. If a finger is held tightly over the 
top, the liquid does not flow out even when 


~~Etched line 
for volume 
4 measurement 


Fig. 80. Air pressure keeps the water from flow- 
ing out of the tips of the pipette and the medi- 
cine dropper. 
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the tip is raised above the surface. Explain, 
(See Fig. 80.) 

13. What are isotherms? Isobars? 

14. What are the weather conditions at 
Minneapolis as shown by the weather map, 
Fig. 74? 

15. What are the weather conditions at 
Miami, Florida, as shown by the weather 
map? 

16. What sort of weather would you 
predict for Chicago for the next 48 hours 
from the weather map? 

17. Would you expect weather predic- 
tions of 3 to 4 days in advance to be more 


‘accurate in the eastern or western part of i 


the United States? Why? 

18.: Why do most long distance airplane 
flights take place at altitudes above 10,000 
feet? 

19. What adjustment has to be made on 
an altimeter for varying barometric pres- 
sures existing at the different cities between 
which flights are made? 

20. What adjustment must be made on 
a mercurial barometer before a reading can 
be taken? Explain how the vernier scale on 
the barometer is read. 


PROBLEMS 


Group A 


1. What will the air in a room 40 ity 
long, 25 ft. wide, and 12 ft, high weigh? 

2. In ordinary breathing you inhale 
about two liters of air 15 times a minute, 
What weight of air do you inhale during 
an hour’s breathing? 

3. The barometer at the bottom of a hill 
reads 29.6 in. At the top of the hill, it 
reads 29.3 in. What is the height of the 
hill? 

4. Assuming that the atmosphere is en- 
tirely the same density as the air at sea 
level, calculate the height of an air column 
necessary to produce a pressure of 15 Ib, 


per sq. in. Why is your calculated value so 
low compared with the estimated height of 
the atmosphere? 

5. How high will the barometer stand 
when the atmospheric pressure is 14.5 lb. 
per sq. in.? 

6. Assuming an average pressure of 15 

. per sq. in., what is the total force on the 
six faces of an evacuated can, 8 in. long, 
4 in. wide, and 12 in, tall? 

7. Calculate the pressure in pounds per 
Square inch equivalent to 5 atmospheres 
Pressure. To 200 atmospheres pressure. To 
700 atmospheres pressure, 


Group B 


8. The palm of your hand probably has 
an area of about 12 sq. in. How much force 
would be needed to hold your hand palm 
upward if the air beneath your hand were 
removed? 

9. The ori; 


ginal Magdeburg hemi 
used by Ot g hemispheres 


to von Guericke were 22 in. in 


a ite 


diameter. What force was needed to sepa- 
rate them? (Hint: Calculate the air pres- 
sure on a circle 22 in, in diameter, W hy?) 

10. The outer wall of a vacuum bottle 
has an area of about 70 sq. in. Assuming 


complete evacuation, what is the total 
force on this wall? 


MECHANICS OF GASES 65 


11. If a mercury barometer were sunk 
25 ft. below the surface of a lake when the 
air pressure was 30 in. of mercury, what 
would the reading of the barometer be? 

12. If a mercury barometer stands at 
760 mm., at what height would a water 
barometer stand? An alcohol barometer? 
(Alcohol has a specific gravity of 0.80.) 


13. Ordinary laboratory Magdeburg 
hemispheres have a diameter of about 5 in. 
If they are completely evacuated, how 
much force is required to pull them apart? 

14, What will be the total pressure, air 
and water, on the body of a diver who has 
descended 100 ft. below the surface of the 
ocean? 


2. Compressibility and Expansibility of Gases 


69. Gases expand. If we put a pint 
of milk in a quart bottle, the milk does 
not expand and fill the entire bottle. 
If we puncture an inflated tire, the air 
that was inside the tire expands as it 
escapes and occupies much more space 
than it did formerly. We can easily 
measure the volume of a liquid, such 
as milk or water, but the volume. or 
space that a gas occupies depends upon 
the pressure to which it is subjected. 
Suppose we blow up a rubber balloon 
until it is about half inflated. Next let 
us put it under a bell jar and exhaust 
the air that surrounds the balloon. As 
we remove the air from the bell jar, 
we are reducing the pressure on the 
outside of the balloon. The gas inside 
expands and increases the volume of 
the balloon decidedly. If we let the air 
back into the bell jar, the balloon will 
shrink to its former size. This experi- 
ment shows that gases are perfectly 
elastic. (See Fig. 81.) 

70. What are standard tempera- 
ture and pressure? If a carpenter 
wishes to cut a board 12 ft. long, he 
does not bother to read the thermome- 
ter or the barometer. In selling gaso- 
line, the attendant does not read the 
thermometer as he measures out each 
gallon. It is true that the dimensions 
of both solids and liquids do vary to 
some extent with the temperature and 


the pressure applied to them, but the 
variation is so small that it is usually 
neglected. For very great accuracy, 
both temperature and pressure correc- 
tions become necessary in the measure- 
ment of solids and liquids. For example, 
the standard meter is exactly one meter 
long only when the temperature is 0° C. 

Because gas volumes vary so much, 
it is always necessary to consider both 
the temperature and the atmospheric 
pressure when we wish to measure 
then:. To prevent confusion, physicists 
have agreed upon 0° C. as the standard 
temperature to be used. They have also 
agreed upon the pressure of a column 
of mercury 760 mm. high, or 76 cm., as 
the standard pressure. The abbrevia- 
tion S.T.P. is used to indicate standard 
temperature and pressure. For example, 


Air in balloon -- 
expands 


To air pump =] 


Fig. 81. Gases expand when the pressure upon 
them is decreased. 
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if we speak of a gas as having a volume 
of 1000 cc., we mean that that is the 
volume which the gas occupies when 
its temperature is 0° C., and the pres- 
sure applied to it is equal to one atmos- 
phere, or 76 cm. of mercury. At a 
different temperature and pressure, its 
volume will be decidedly different. 

71. Liquids are not easy to com- 
press. It is so hard to compress liquids 
that we consider them almost incom- 
pressible. Water, for example, is so 
nearly incompressible that it takes a 
pressure of 12,000 atmospheres to re- 
duce the volume of water 20%. This 
means that ocean water at a depth of 
10,000 ft., where the pressure is only 
300 atmospheres, is only slightly more 
dense than water near the surface. 

Gases, however, are easily com- 
pressed, and air at sea level is about 
twice as dense as it is at 16,000 ft. Air 
at sea level is compressed by the weight 
of the upper layers of air that it sus- 
tains. 

72. What is Boyle’s law? Robert 
Boyle was the first person to perform 
experiments upon what he called the 
“springiness of the air.” No doubt 
others had known something of com- 
pressed air, but no one had taken the 
trouble to find out how the volume of a 
gas is really affected by the pressure 
which it sustains, 

Boyle used a J-shaped tube for his 
study. He added enough mercury to 
fill the bent portion of the tube and 
adjusted the levels so that the mercury 
would stand at the same height in both 
arms of the tube. Then he had a vol- 
ume, v, of air confined in the short 
arm of the tube. Next he measured the 
length of the tube so that he could de- 
termine the volume of gas confined, 
He knew that this gas must be under 
the same pressure ag the air, because 


the mercury levels were equal. (See 
A, in Fig. 82.) 

1. By reading the barometer, he 
could find the exact pressure to which 
the enclosed volume of air was sub- 
jected. Let us call that pressure p, 
Next he added more mercury to the 
long arm of the tube, as shown in 
B, in Fig. 82. 

2. By measuring the length of the 
column of air enclosed, he could de- 
termine the new volume, v’. He could 
find the new pressure, p’, by measur- 
ing the length of the mercury column, 
ab, and adding that length to the ba- 
rometer reading, 

As a result of several trials with such 
an apparatus, Boyle found that in- 
creasing the pressure upon a volume 
of confined gas reduced its volume 
correspondingly. Doubling the pres- 
sure reduced the volume to one-half; 
trebling the pressure reduced the vol- 
ume to one-third. BOYLE’S Law may 
be stated as follows: The volume of any 
dry gas, the temperature remain ing con- 
stant, varies inversely with the pressure 
sustained by it. 


‘Pressure is that of air 


7 


Pressure is that of air plus mercury column ab 


A 
His 82. Apparatus used to demonstrate Boyle's 
aw. 
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«73. Boyle’s law can be shown 
graphically. Suppose that we start 
with 2000 cc. of gas measured at a 
pressure-of 200 mm. of mercury. By 
experiment, it may be shown that if we 
subject this volume of gas to the suc- 
cessive pressures indicated in the cor- 
ner of Fig. 83, its volume, v, will be 
reduced to the amount shown opposite 
the corresponding pressure, p. Using 
the volumes as ordinates and the pres- 
sures as abscissas, we obtain an inverse 
proportion graph. Since one factor in- 
creases as the other decreases, the 
product of the volume and its correspond- 
ing pressure is always a constant 
quanlity. Stated algebraically, 


pv = a constant. 


In all cases, except under very high 
pressures, 

p= pv. 
p' represents the new pressure, and v’ 
the new volume. 

74. How does pressure affect gas 
densities? Since there is no change 
in the weight of the gas during the 
changes in volume given in the preced- 
ing section, evidently the density of a 
gas increases in direct proportion to the 


(a) 2,000 cc. at 200 mm. 
(b) 1,600 cc. at 250 mm. 
(c) 1,200 cc. at 333 mm. 
(d) 1,000 cc. at400 mm. 
(e) 800 cc. at 500mm. 

(f) 500 cc. at 800 mm. 

(g) 400 cc. at 1,000 mm. 
(h) 333 cc. at 1,200 mm. 
(i) 250 cc. at 1,600 mm. 
(j) 200 cc. at 2,000 mm. 


Fig. 83. Curve to show simple inverse proportion. 


pressure il sustains. A liter of air weighs 
1.29 g. at a pressure of one atmosphere, 
but a liter vessel can hold 5.16 g. of air 
under a pressure of four atmospheres. 
In the latter case, the air is four times 
as dense. 


Prosten. Given 500 cc. of gas under a 
pressure of 750 mm. of mercury. What 
volume will the gas occupy at a pressure of 
800 mm.? If this gas has a density of 1.5 g. 
per liter under the original pressure, what 
density will it have when under this greater 
pressure? 

Solution. Since the pressure is increased, 
the volume will be reduced. The new vol- 
ume will be $83 of the original volume. 
$32" 0f500, cc. = 468.8 cc. Or, pv = p'v'. 
Then, 750 X 500 = 800 Xv’. Solving, 
v = 468.8 ce. 

Since the pressure is increased, the den- 
sity will be increased. The new density will 
be $22 of the original density. $208 X 1.5 
g./liter = 1.6 g./liter. 


75. How does the exhaust pump 
work? A pump used to exhaust air 
from vessels and produce a vacuum 
was invented by Otto von Guericke 
in 1650. For such a pump, there must 
be a cylinder, a piston, and valves. 
The piston fits the cylinder so tightly 
that air cannot pass, and a rod is at- 
tached to it so that the piston can be 
moved up and down, or to and fro, 
from one end of the cylinder to the 


Fig. 84. A vacuum pump such as this will re- 
move the gas from beneath the bell jar. 
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other. A valve acts like a policeman 
at the exit of a one-way street. He per- 
mits traffic to move in one direction 
only. The valve opens to permit air to 
flow in one direction, but closes so that 
it cannot flow the other way. 

While the piston represented in 
Fig. 84 is pulled up the cylinder, 
the valve V, remains closed. The air 
that was above the piston is pushed 
out through a small hole in the top of 
the cylinder. A partial vacuum is pro- 
duced below the piston as it rises. The 
air in the bell jar expands, and part 
of it flows through the valve V, into 
the partial vacuum in the lower end 
of the cylinder. When the piston is 
lowered again, the valve V, closes so 
that the air cannot flow back into the 
bell jar. The air then forces its way up 
through the valve Vz of the descend- 
ing piston. On the next upstroke of the 
piston, the operation is repeated. The 
air above the piston is pushed out, and 
more air flows over into the lower end 
of the cylinder from the bell jar. Each 
upstroke of the piston removes part of 
the air from the vessel that is to be 
exhausted. 

Supposing the cylinder and the bell 
jar to be both of the same size, one 
half the air will flow into the cylinder 
during the upward stroke of the piston, 
and one half of the air will be removed 
at the completion of one stroke of the 
pump. During the next complete 
stroke, one half of the remaining air 
or one fourth of the original amount 
is removed. The next stroke removes 
one half of what remains, or one eighth 
of the original amount, The action con- 
tinues thus until the expansive force 
of the air finally becomes too weak to 
Operate the valves of the pump. 

The rotary pump, Fig. 85, was 
devised to produce a high vacuum 


Courtesy of the Central Scientific Co. 
Fig. 85. A rotary vacuum pump. 


quickly. Fig. 86 shows how the pump 
operates. The cylinder C rotates inside 
a case about an off-center axis. A vane 
V pushes down on the cylinder and di- 
vides the air space inside the case. As 
the cylinder turns, the space connected 
to the intake increases. Air flows into 
this space. The rotating cylinder then 
closes the intake, and pushes the air 
around to the outlet. Close fitting 
parts immersed in oil prevent leakage. 

*76. What is the aspirator? A suc- 
tion pump, or aspirator, is often used 
in the laboratory to produce a partial 
vacuum. It is screwed to a water fau- 
cet, and the vessel to be evacuated is 
attached to the tube on the side of the 
pump. (See Fig. 87A.) As a current of 
water flows rapidly through the inner 
tube, it drags along with it air mole- 
cules from the vessel to be exhausted. 
The air in the vessel expands and more 
molecules are carried away by the 
running water. Quite a good vacuum 
can be produced in a short time. 

x77, What are ejectors? When the 
wind blows across the top of a chim- 
ney, the rapidly moving current of air 
carries along with it some of the gas 
molecules within the chimney. (See Fig. 
87B.) The gases within the chimney 
expand, and their density is decreased. 
For this reason a chimney draws much 
better on a windy day. 

The atomizer is another application 
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Fig. 86. As the cylinder C of this vacuum pump rotates, air enters through the intake. This air is 
then caught between the cylinder and the case, and finally expelled through the outlet. As the 
cylinder continues to turn, more air is removed from the intake side to increase the vacuum. 


of the ejector principle. A small tube 
extends down through the stopper into 
the liquid in the bottle, as in Fig. 87C. 
Fastened to the stopper is a tube set 
at right angles to and just on a level 
with the end of the vertical tube. When 
the bulb, which is attached to the 
horizontal tube, is squeezed, a stream 
of air is forced across the top of the 
tube, thus reducing the air pressure 
inside, just as the wind blowing across 
the top of a chimney reduces the air 
pressure inside. The air inside the 
bottle then expands and pushes the 
liquid out through the tube, where it 
is broken up into spray by the blast 
of air from the bulb. 

78. What are some uses of the ex- 
haust pump? Some type of exhaust 
pump is used whenever it is necessary 


Air currents drag 
along air molecules 
from chimney 
| inane 
Air —> 
enters 
here | 
—>P 
~-Water 
flows 
out 


here 


Fig. 87A. A vacuum can be produced by an 
aspirator. Water drags the air molecules along 
with it. é 

Fig. 87B. Wind blowing over top of chimney 
produces a partial vacuum. 


to remove a part or all of the air from 
a container. Unless the air is removed 
from an electric lamp, the filament 
will burn. In some types, the lamp is 
then refilled with a gas which has no 
effect upon the filament. In making 
X-ray tubes, radio tubes, and vacuum 
bottles, an exhaust pump is used. 

Liquids boil at a lower temperature 
in a vacuum than under air pressure, 
and they evaporate much more rapidly 
in a vacuum. The principle of vacuum 
drying is used when dyestuffs, chemical 
crystals, etc. are dried in vacuum pans. 
Some of our dried or dehydrated foods 
have had much of the water they con- 
tained removed by drying them in a 
vacuum pan. 

In sugar refineries, vacuum pans are 
used during the evaporation of the 
sugar solution, since evaporation oc- 
curs more rapidly and a lower tempera- 


Spray of vapor 


as pressure 
is reduced 


Fig. 87C. The atomizer forms a spray. 
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Fig. 88. Vacuum cleaners make less dust than 
brooms, yet sweep effectively. They are a prac- 
tical application of the exhaust fan. 


ture may be used to avoid danger of 
scorching the crystals. 

The vacuum cleaner also furnishes a 
practical application of the exhaust 
fan. In the upright type cleaner, a 
fan is driven by an electric motor. 
The fan pushes the air away in front 
of the blades, and leaves a partial 
vacuum on the other side of the fan, 
As the air rushes in through the mouth- 
piece of the tube leading to the fan 
chamber, it carries with it the dust 
particles from the article that is being 
cleaned. A rotary brush is sometimes 
used to sweep and beat the Tug or car- 


Valve closed 
by a spring 


ea 


Fig. 89. A simple c 
inflate a pneumatic tire, 


pet at the same time in order to loosen 
the dirt. (See Fig. 88.) 

79. How does the compression 
pump work? The bicycle pump, or 
automobile tire pump, furnishes a com- 
mon example of compression pump. 
Such pumps are used to push or crowd 
more air into a container. In one of the 
simple types, shown in Fig. 89, a 
leather disc attached to the piston per- 
mits the air to flow past it in one 
direction, but not in the other. Hence 
it takes the place of a valve in the 
piston. The other valve may be placed 
in the outlet tube; with pneumatic 
tires a valve is placed in the valve stem 
of the tire itself. 

Fig. 90 shows the construction of 
one type of compression pump. The 
piston has no valves, and fits the cylin- 
der so tightly that air cannot pass. The 
valves are so arranged that air enters 
through one and leaves through the 
other. On the upstroke of the piston 
the air above it is pushed out of the 
cylinder. Valve V, opens to permit air 
to enter through A. On the downstroke 
this valve closes and valve V2 opens as 
the piston pushes the air out of the 
lower part of the cylinder. 


---Cylinder 
_--Piston 
Compression at Exhaust at 
pipe B pipe A 
— 7 —— 
Valve V./ ‘Valve Vi 


Fig. 90. This compression pump may also be 
used as an exhaust Pump. 
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Such a pump may be used as either 
an exhaust or a compression pump. If 
a vessel is attached at A, it will be ex- 
hausted as the pump operates, while 
air is being compressed in a vessel at- 
tached at B. Thus, a reversal of the 
direction in which the valves open may 
convert a compression pump into an 
exhaust pump, or vice versa. 

80. What uses are there for com- 
pressed air? For two reasons there are 
many uses for compressed air: (a) 
When air is put under a pressure of 
several atmospheres, it is capable of 
exerting great expansive force. (b) It is 
particularly satisfactory, since strong- 
walled tubes can be used to transmit 
this force to considerable distances. 
We use compressed air to drive our 
machines, to stop our railroad trains, 
and to carry mail and small parcels. 
For greater comfort, we ride upon it. 

1. Pneumatic tires. The compressed 
air in our automobile tires forms an 
elastic cushion to absorb the shocks 
which we encounter on rough roads. 
As we pump up a pneumatic tire, we 
are applying Pascal’s law to gases. The 
pressure applied to the valve stem is 
transmitted undiminished to every 
unit area of the inside of the tire. 

2. The Westinghouse air brake. The 
flanged wheel, invented by Stevens, 
and the air brake, invented by West- 
inghouse, have made it possible to run 
trains at high speeds. After Westing- 
house conceived the idea of a set of 
brakes which could be applied by the 
engineer to every car in the train at 
the same time, he was at a loss to find 
a satisfactory fluid to operate the 
brakes. The story is told that a young 
lady called at his office to sell him a 
magazine. At first he refused to buy, 
but reconsidered when he took a mo- 
ment to look at the young lady. In 


PER of Westinghouse 
Fig, 91. George Westinghouse (1846-1914) 


was an American inventor. He not only in- 
vented the air brake, but he was an organizer of 
great ability. 


that magazine he found an article de- 
scribing the use of compressed air for 
operating some of the tools used for 
tunnel construction work in Europe. 
He decided then to try compressed air 
for operating his newly invented 
brakes. (See Fig. 91.) 

xThe air brake may be operated di- 
rectly from the engine or it may oper- 
ate automatically from an auxiliary 
reservoir of compressed air stored un- 
der the car itself. In Fig. 92, P is a 
pipe connected with the main reservoir 
on the engine, in which a compressor 
maintains a pressure of about five at- 
mospheres. The car reservoir communi- 
cates with P through a triple valve. 
This valve maintains communication 
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between P and the car reservoir and 
shuts out air from C, as long as pres- 
sure from the engine is supplied to P. 
When this pressure is diminished, 
either intentionally by the engineer or 
accidentally by the breaking of the 
coupling, the valve opens in such a 
way that air from the reservoir flows 
into C and forces the brake piston to 
the left, thus setting the brakeshoes 
against the wheels. Readmission of air 
through P lets the air in C escape and 
the spring releases the brakes. 

3. Diving bells and diving suits. If we 
force a tumbler under water, mouth 
downward, the pressure of the water 
compresses the air in the tumbler to 
some extent, the amount of compres- 
sion depending upon the depth. The 
air in a diving bell is compressed in a 
similar manner as it is lowered in the 
water. (See Fig. 93.) In the modern div- 
ing bell the workmen are supplied with 
air forced down through a tube con- 
nected with a compressor at the sur- 
face. The air is supplied fast enough 
to force all the water out of the bell 
and keep a stream of bubbles flowing 
out from its lower edges. (See Fig. 94.) 

The diving suit is sometimes sup- 
plied with compressed air in the same 
manner as the diving bell. In other 
cases the diver has a self-contained 


Fig. 92. The Westinghouse air brake. 


apparatus and is independent of a com. 
pressed air supply line. He carries a 
tank of compressed air. By opening a 
valve he permits air to escape just fast 
enough to keep his suit filled with air, 
A constant stream of bubbles passes 
out through a valve in his suit. (See 
Fig. 95.) 

4, The pneumatic caisson is used for 
constructing bridge piers or founda- 
tions under water. The caisson is open 
at the lower end and it is weighted so 
that it will sink, not only in water, but 
also into the mud at the bottom. (See 
Fig. 96.) Compressed air is used to keep 
the water out of the caisson. The work- 
men enter the caisson through air 
locks, or airtight doors, and material 
is passed down to them in the same 
manner. Thus the foundation may be 
built inside the caisson. For tunnel 
construction, jacks are used to: push 
forward a cylindrical shield as the ma- 
terial is removed by workmen. The 
tunnel lining is constructed inside the 
shield. 

*5. Pneumatic dispatch. Tn some 
large stores, compressed air is used 
for transmitting cash boxes and small 
packages. It has also been used for 
transmitting mail between the post 
office and the railroad stations, al- 


Fig. 93, Diving bell 
being lowered into 
the water. 


Fig. 94. Diving bell 
being supplied wit 
compressed air. 
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Philip Gendreau, N.Y. 


Fig. 95. A diver descending below the surface. He is equipped with helmet, suit, and weighted 
shoes. Compressed air is supplied constantly through a rubber tube. 


though the system has in most cases 
been superseded by the motor truck. 
The cylindrical carrier, which is slightly 
smaller than the tube, has packing 
rings near the ends to make it fit the 
tube fairly tightly without much fric- 
tion. An exhaust pump at the receiving 
end and a compression pump at the 
transmitting end of the tube produce a 
difference of pressure that is sufficient 
to drive the carrier through the tube 
with considerable speed. 

6. Other uses for compressed air. 
Many tools are operated by com- 
pressed air. The list includes riveting 
hammers, rock-drills, the sand blast for 
culling and polishing, and some rotary 
tools. The bellows are used to produce a 
forced draft for making a blacksmith’s 
forge hotter, ‘or to supply compressed 
air for organ pipes, or for starting fires. 
They are indirectly used to produce 
the partial vacuum needed for the op- 
eration of player pianos. 

Mines and large buildings are often 


ventilated by compressed air. It is used 
to operate car doors and for various 
regulating devices. In submarines it is 
used to force the water from the vari- 
ous chambers, and it operates the pro- 
pellers which drive torpedoes. 

81. Compressed air ventilates 
many vehicular tunnels. The long- 
est automobile tunnel in the United 


Air from 
compressor 
” 
/ 


Pier under 
construction 


Fig. 96. Sectional view of a pneumatic caisson. 


Courtesy of the Triborough Bridge and Tunnel Authority 


Fig. 97. Inside view of the Brooklyn-Battery Tunnel which was built to carry vehicular traffic under 


the East River, New York City. 


States, the Brooklyn-Battery Tunnel 
was opened in 1950. 

This tunnel is in reality two parallel 
tunnels placed 15 ft. apart. Each tube 
is 31 ft. in diameter, and is 9117 ft., or 
almost two miles, long. The tunnel is 
built to handle 16 million cars per year, 

The problem of ventilating such tun- 
nels is difficult. Each car or truck 
passing through gives off from its ex- 
haust some deadly carbon monoxide 
gas. Unless this gas is removed by 
proper ventilation, the tunnels would 
soon become unusable, Three ventila- 
tion buildings were built for the Brook- 
lyn-Battery Tunnel, One is located at 
each end. The third is about half way, 
where the tunnel passes the tip of 
Governor’s Island, Air circulates from 
each ventilation building through the 
fresh air duct beneath the roadway, 
Air is started into the tunnel at 60 mi. 


per hr. by 27 fans, some as large as 8 ft, 


in diameter. The circulation in the tun- 


nel itself is vertically upward. The 
exhaust air is then sucked back toward 
each ventilation building. Tt has been 
estimated that each car or truck gets 
4 tons of fresh air during the 34 minute 
passage through the tunnel. Automatic 
analyzers keep a continuous record of 
the percentage of carbon monoxide in 
each section of the tunnel. 


Fig. 98, Cross-sectional view of one of the 
tunnels under the Hudson River. The diagram 
shows how the tunnel is constructed, 
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1. What is the standard temperature? 
What is the standard pressure? Why are 
they important? 

2. How many cubic centimeters are 
there in a liter? How many millimeters are 
there in a centimeter? In a meter? 

3. How does the compression pump in 
the mechanical refrigerator, Fig. 339, page 
249, work? 

4, What difference in their properties 
makes water better than air for use in a 
hydraulic press? 

5. The manufacture of ammonia gas 
takes place at about “500 atmospheres.” 
What is meant by this expression? 

6. By means of a diagram explain how 
a simple compression pump, such as an 
automobile tire pump, operates. 

7. Blowthrougha jet tube like that in Fig. 
99 as hard as you can. Explain the results. 

8. Upon what factors does the efficiency 
of a vacuum cleaner depend? 

9. By referring to Fig. 92, explain what 
happens when a railroad car accidentally 
breaks loose from the rest of the train. 

10. Is it possible to produce a complete 
vacuum with the type of pump illustrated 
in Fig. 84? Explain. 

1l. How is proper ventilation main- 
tained in your classroom? 

12. How is gas for cooking purposes sup- 
pried to homes which are not on a city gas 
ine? 

13. How is the carbonated water which 
is used at soda fountains made? 


14. Two small bottles are placed under a 
bell jar. (See Fig. 100.) The bottle A is 
partly full of a colored liquid and tightly 
stoppered. As the air is pumped out of the 
bell jar, the liquid flows through the bent 
tube into the bottle B. Explain. As we let 
air into the bell jar again, the liquid flows 
back into A. Explain. 

15. Your body requires a certain weight 
of oxygen to carry on its functions properly. 
Why do persons sometimes find it difficult 
to breathe at high altitudes? 

16. If you burn gas in your kitchen 
stove, is the gas supplied to your home at a 
pressure greater than, or less than, one 
atmosphere? What reason can you give for 
your answer? 


Fig. 100. The Bacchus’ 
experiment with air pres- 
sure. 


Fig. 99. Blowing 
into the flask com- 
presses the air. 


PROBLEMS 


Group A 


1. What will be the weight of 10 liters of 
air in a tire which is inflated to a pressure 
of three atmospheres? 

2. What weight of air at a pressure of 
50 atmospheres will fill a tank whose capac- 
ity is 15 cu. ft.? : 

3. What will be the volume of the air 
in Problem 2, if it is released at 1 atmos- 
phere pressure? 

4. A gas occupies 1000 cc. at standard 
conditions, What will be its volume if the 
pressure is reduced to 740 mm.? 

5. A tank contains 1200 ce. of gas at 


1 atmosphere pressure. What pressure must 
be exerted on this gas to make its volume 
600 cc.? 400 cc.? 300 cc.? 200 cc.P 100 
ce. 

6. What pressure will have to be ex- 
erted on 500 ce. of gas at 760 mm. to 
make its volume 1000 cc.) 1500 cc.? 
2000 ce.? 

7. If the pressure on a gas is doubled, 
what effect does this have on its volume? 
If the pressure is tripled? If it is cut to one- 
half? To one-third? What kind of propor- 
tion is this? 
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Group B 


8. Ventilating fans for a tunnel can move 
1,500,000 cu. ft. of air per minute. Assum- 
ing that this is at a pressure negligibly 
greater than 1 atmosphere, what weight of 
air is moved by these fans in 24 hours? 

9. The piston of an airbrake is under an 
effective pressure of 5 atmospheres. If it 
has a diameter of 5 in., what is the total 
force available to set the brakes? 

10. What pressure will be required to 
change the volume of 500 cc. of air at 
800 mm. pressure to 450 cc.? 

11. What will be the volume of oxygen 
at 1 atmosphere pressure when released 
from a 5 cu. ft. tank where it was under a 
pressure of 100 atmospheres? 

12. The diameter of the piston of an 
automobile tire pump is 1 in. If the tire is 


partially inflated to an effective pressure of 
25 lb. per sq. in., what force must be over- 
come on the downstroke of the pump in 
order to further inflate the tire? 

13. An automobile tire contains 700 cu, 
in. of air at an absolute pressure of 46.7 lb, 
per sq. in. What is the volume of this air 
at normal pressure, 14.7 Ib. per sq. in.? 

14. Twelve liters of a gas are under a 
pressure of 2000 mm. of mercury. What 
volume would this gas occupy if the pres- 
sure were reduced to 750 mm. of mercury? 
What pressure will now be required to 
change this new volume to 15 liters? 

15. Ifa pneumatic dispatch tube has an 
effective pressure of 2 atmospheres, what 
force drives a cylindrical container 2 in. in 
diameter through the tube? 


3. Other Pneumatic Appliances 


82. What is a lift or suction 
pump? For cisterns or shallow wells, 
the lift pump is in common use. This 
pump, which is the type the Duke of 
Tuscany used, differs little in construc- 
tion from the air pump. It consists of a 
cylinder, a piston, and two valves. The 
cylinder usually rests on a platform at 
the surface of the ground. From the 
lower end of the cylinder a pipe extends 
down into the well and dips beneath 
the surface of the water. 

When one pushes down on the end 
of the pump handle, the piston, Fig. 
101, is lifted. The valve V, in the pis- 
tonis closed and the air above the 
piston is pushed out of the top of the 
cylinder, leaving a partial vacuum be- 
neath the upward moving piston. The 
downward pressure of the air upon the 
surface of the water in the well pushes 
some water up through the pipe in 
the cylinder. The valve Vi aed si 


permit the water to pass through. On 
the next downstroke of the piston, this 
valve closes so that the water cannot 
flow back into the well. The only place 
it can go is up through valve V; to 
occupy part of the space above the 
piston. The next upstroke of the piston 
lifts this water up so that it flows out 
through the spout. In the meantime, 
more water is being pushed up into 
the lower end of the cylinder by the 
air pressure on the water surface. 
Because air pressure cannot lift 
water more than 34 ft., the lift pump 
cannot be used if the cylinder of the 
pump is more than 34 ft. above the 
level of the water in the well. You will 
recall that the pump used by the Duke 
of Tuscany failed when the well was 
more than 32 ft. deep. In actual prac- 
tice, the lift pump is not used if the 
height to which the water is to be 
raised is more than about 28 ft. The 
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leakage around the piston and through 
the valves makes it impossible to se- 
cure a perfect vacuum. 

83. What is a force pump? In its 
construction, the force pump differs 
from the lift pump in only two essen- 
tials: 1. The piston is solid and has no 
valve in it. 2. The valve Vz is located 
at the entrance to a pipe opening near 
the bottom of the cylinder, and from 
one side of it. (See Fig. 102.) In such a 
pump, the cylinder is placed down in 
a deep well at a distance of 15 or 20 ft. 
from the surface of the water. A long 
piston rod, attached to the pump 
handle above ground, extends down 
into the well where it is attached to 
the piston. The outlet pipe delivers the 


Me 


Cylinder” Y 


Pisto 


Fig. 101. Sectional view of the common lift 
pump. It is sometimes called a suction pump. 


water from an opening in the side of 
the cylinder to the spout above the 
ground. 

On the first upstroke of the piston, 
the air is pushed out of the upper part 
of the cylinder and a partial vacuum 
is formed beneath the piston and in 
the pipe leading down into the water. 
The air pressure on the surface of the 
water in the well pushes some water 
up into the pipe and the cylinder, just 
as in the case of the lift pump. On the 
downstroke of the piston, valve Vi 
closes and the water from the cylinder 
is forced into the pipe. At each suc- 
ceeding stroke of the pump it is forced 
higher in this pipe until it reaches the 


Air dome 


f 


Fig. 102. The force pump is generally used for 
deep wells. The cylinder is down in the well near 
the water surface. 
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spout and flows out there. The valve 
V: keeps it from flowing back into the 
cylinder during the upstroke of the 
piston. The student will find it easy to 
remember the valve arrangement if he 
keeps in mind the fact that the valves 
open in the direction only that one 
wishes the water to flow and that they 
open alternately. 

Unless an air dome is used, the water 
from a force pump will come in spurts 
during the downstroke only. When the 
air dome is used, some water is forced 
into the dome during each downstroke, 
thus compressing the air in the dome. 
But this compressed air expands again 
during the next upstroke and pushes 
some of the water up the spout. Thus 
the dome causes a more even flow of 
water, 

The force pumps which are used 
in water supply systems are usually 
double-acting force pumps. These 
pumps have a double set of valves, so 
that water can be pumped from both 
sides of the piston, instead of from 
only one side as in Fig. 102. 


Discharge 


Entrance 


Fig. 103. The centrifugal i i 
Pump is very efficient. 

vol Ones are used to keep the water alveilating 

through the cooling system of an automobile, 


84. Centrifugal pumps move 
large volumes of water. The centrif- 
ugal pump, Fig. 103, is very useful 
where it is necessary to move large 
volumes of water under low pressure, 
As the rotor turns rapidly in the direc- 
tion shown by the arrows, the water is 
forced by the rotating blades out 
through the discharge pipe. The fan 
used to circulate the air in some forced 
hot-air heating systems is a form of 
centrifugal pump. 

85. How does a siphon work? 
Quite often it is desirable to transfer 
liquids from barrels or heavy contain- 
ers to other vessels without lifting the 
heavy containers, or incurring the risk 
of spilling the liquid in trying to pour 
it from a large container. A bent tube, 
having arms of unequal length, may 
be used to transfer liquids over an 
elevation from one container to an- 
other of lower level. A tube, generally 
made of rubber or glass, used for such 
purpose is called a siphon. 

Suppose we fill the siphon tube 
ABCD with water and close the ends 
with our fingers while we invert the 
siphon in vessels of water, as shown in 
Fig. 104. From our study of air pressure 
and liquid pressure, we can understand 
why the water will flow through the 
siphon from the vessel A into the ves- 


Effective pressure is air 
Pressure less pressure 
of water column AB 


Effective pressure is air - 
pressure = 
less pressure of water column i] i D 


Fig. 104. The siphon is a convenient appliance. 
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sel D. The air pressure upon each liquid 
surface is equal to approximately 
14.7 lb. per sq. in. Let us suppose that 
the short arm of the siphon, AB, is 
just one foot long. Then the water 
pressure from such a column of water 
is 0.43 lb. The effective air pressure at 
A then becomes only 14.27 lb. per sq. 
in. (14.7 — 0.43). Suppose that the 
long arm of the siphon, CD, is ‘3 ft. 
long. Then the air pressure at D is 
supporting a column of water 3 ft. 
high, and its effective pressure becomes 
only 13.41 Ib. per sq. in. (14.7 — 1.29). 
Because there is less pressure at D than 
at A, the water will flow from vessel A 
into vessel D. 

Since it is really the difference be- 
tween the water pressures in the two 
arms of the siphon that makes the air 
pressures unequal, the rate of flow of 
the siphon must increase as we increase 
the difference in the lengths of the two 
arms. For every foot we increase the 
length DE, the pressure causing the 
siphon to flow increases 0.43 lb. /sq. in. 
If we reduce the length DE to zero, 
then the siphon will stop flowing. 

86. What is the Cartesian diver? 
The bottle imp, or Cartesian diver, 
illustrates several laws and principles 
of physics. By careful adjustment, it is 
possible to put into a small vial just 
enough water so that the specific 
gravity of the combination, vial and 
water, will be the merest trifle less than 
that of water. Any pressure applied to 
the vial as it floats mouth downward, 
or any increase in its specific gravity, 
will cause it to sink. (See Fig. 105.) Let 
us stretch a rubber membrane over the 
top of the cylinder and apply pressure 
to the membrane gradually. The vial 
descends slowly, rising again as we re- 
move the pressure. Why? | 

1. The air beneath the membrane 1s 


compressed (easy compressibility of 
gases), 

2. The increased air pressure is ap- 
plied to the surface of the water, 
whence it is transmitted equally and 
undiminished in all directions (Pascal's 
law). 

3. The gas in the upper part of the 
vial is compressed and the specific 
gravity of the vial and contents is in- 
creased (specific gravity and density). 

4. The weight of the water displaced 
by the vial is now less than its weight, 
and it sinks (Archimedes’ principle and 
laws of flotation). 

5. As we remove the pressure, the 
air in the vial expands (expansibility 
of gases and Boyle’s law) and pushes 
some water out of the vial. Its specific 
gravity again becomes slightly less 
than that of water, and it rises to the 
surface (law of flotation). It is possible 
to use just enough pressure to keep the 
vial stationary beneath the surface of 
the water at any position. 

The usual type of bottle imp is a toy 
devised by the philosopher Descartes. 
It consists of a small, hollow, imp- 
shaped figure with a hollow tail curled 
half way around the middle of the 


Pressure Is applied here 


Fig. 105. The Cartesian diver, or bottle imp, 
demonstrates many laws and principles. 
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figure. There is a small opening in the 
tail for the water needed to change 
its relative density. 

87. Fire extinguishers use pres- 
sure. Fig. 106 represents a common 
type of soda-acid fire extinguisher. The 
extinguisher is charged with about 15 
lb. of baking soda dissolved in water. 
The small bottle contains sulfuric acid. 
When the extinguisher, is turned up- 
side down, the acid spills out of the 
loosely stoppered bottle and unites 
chemically with the soda. Large quan- 
tities of carbon dioxide gas are set free. 
The high pressure produced by the 
rapidly escaping gas forces a stream of 
water and carbon dioxide gas on the 
fire with high effectiveness. 

A second type of extinguisher con- 
tains liquid carbon dioxide under pres- 
sure. When the pressure is released, the 
liquid carbon dioxide quickly changes 
into both carbon dioxide gas, and solid 
carbon dioxide “snow.” The gas pres- 


Sulfuric acid 
2 


Fig. 106. Sectional view of a soda 


extinguisher, acid fire 


sure forces a blast of “snow” onto the 
fire, blankets it with dense carbon 
dioxide, and extinguishes it. 

The Pyrene extinguisher contains the 
non-flammable liquid, carbon tetrachlo- 
ride. In operation the carbon tetrachlo- 
ride is pumped onto the fire; it readily 
vaporizes into a dense gas which shuts 
off the oxygen supply and extinguishes 
the fire. 

88. The submarine is an applica- 
tion of Archimedes’ principle. A 
submarine obeys the same laws of 
physics as the Cartesian diver. Whena 
submarine travels on the surface, it 
floats just as any other ship does. Be- 
fore the ship is submerged, certain com- 
partments are opened to fill them with 
water. Thus the ship sinks deeper in 
the water, until only the deck and con- 
ning tower are awash. In the act of 
submerging, the propellers drive the 
ship forward, and the diving rudders 
are set at such an angle that the ship is 
pushed under water. To bring the sub- 
marine to the surface again, the diving 
rudders are set at such an angle that 
the bow of the ship is pushed upward. 
Compressed air is used to force the 
water out of the flooded compartments: 
(See Fig. 108.) 

89. Gases have buoyancy. Clouds 
float in the air, and smoke is buoyed 
up by the weight of the air it displaces. 
Archimedes’ principle applies to all 
fluids, gases as well as liquids. Just as 
objects that do not float in water lose 
part of their weight when submerged, 
so objects that are denser than aif 
lose part of their weight when sub- 
merged in air. An object that displaces 
exactly one liter of air will weigh 1.293 
g. more in a vacuum than it does in 
air at S.T.P. In other words, the buoy- 
ancy of air is 1.293 g. per liter. The 
laws of flotation apply to all gases, and 


International News Photo 
Fig. 107A. A section of the deck of a submarine showing the snorkel breathing apparatus, left. 
Through this set of two tubes, the engines and interior of the submarine can be furnished with fresh 


air, and the used air can be exhausted. This lets the submarine travel almost entirely submerged for 
long distances. 
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Fig. 1078. A diagrammatic drawing of the snorkel breather system on a submarine. 
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an object will rise in air if the weight 
of the air it displaces is greater than 
its own weight. 

90. Balloons and airships make 
use of the buoyancy of air. A balloon 
consists essentially of a strong, airtight 
bag filled with a gas less dense than 
air. It will rise if its weight plus the 
weight of the gas it contains is less 
than the weight of the air it displaces. 
If the balloon is filled with hydrogen, a 
gas which weighs only 0.09 g, per 
liter, then every liter of air the balloon 
displaces exerts a lifting force equal to 
the difference between the weight of 
one liter of air and one liter of hydro- 
gen. 1.29 g, — 0.09 8. = 1.2 g. While 
it is the buoyant force of the air dis- 
placed that causes a balloon to rise, 
it is commonly spoken of as the lifting 
force of hydrogen, For example, the so- 
called lifting force of hydrogen is 1.9 g. 
per liter. Since there are 1000 liters in a 
cubic meter, the lifting force of hydro- 
gen is equal to 120 


é 0 g. per cu. m. or 
approximately 1.2 oz, per cu. ft. (See 
Fig. 109.) 


“Official U.S. Navy photograph 


Fig. 108, One of the newer submarines of the U.S. Navy, streamlined to secure greater underwater 
speed. 


Hydrogen is the gas of lowest den- 
sity, but it burns. After the Hinden- 
burg had made several trips across the 
Atlantic Ocean, the hydrogen with 
which she was filled caught fire and 
destroyed this dirigible at Lakehurst, 
N.J. Hence, hydrogen is dangerous to 
use for filling dirigibles, especially if 
the dirigible is to be used for mili- 
tary purposes. Helium is a gas which 
is twice as dense as hydrogen, but it 
does not burn. Its so-called lifting 
power is equal to 1.11 g. per liter 
(1.29 — 0.18). Hence it is 93% as ef- 
ficient as hydrogen, When the United 
States secured the dirigible Los Angeles, 


1 liter of 
hydrogen 
Weight 
0.09 g. 


1 liter of 
helium 
weight 
0.18 g. 


1 liter of air pushes upward 
with a force of 1.29 g 


Fig. 109. The so-called lifting force of helium 
is less than 93% that of hydrogen. 
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she was filled with helium gas at the 
hangar at Lakehurst upon her arrival 
from Germany. 

Before World War I, the price of 
helium was about $1700 per quart. 
When its importance as a war material 
was realized, engineers began a world- 
wide search for a more abundant sup- 
ply. The natural gas from certain wells 
in Oklahoma and Texas was found to 
contain 1 or 2% of helium. Liquid air 
machines are used to separate the 
helium from the natural gas. The mix- 
ture is cooled and compressed until 
everything but the helium liquefies. 
The helium gas is then drawn off and 
forced into steel cylinders whence it is 
shipped to the United States Naval 
Air Station at Lakehurst. The cost 
of producing helium is said to be 
about one cent per cu. ft. 

Airships, or dirigibles, are balloons, 
fitted with steering devices and pro- 
pellers. Gasoline engines provide the 
motive power. Helium is preferred for 
filling the gas bags because of its non- 
flammable property. 

Fig. 110 shows the type of airship 
used in the recent war to spot sub- 
marines. One of the authors had a 
ride in such a ship and can testify 
that it was a pleasant experience, 
quiet and less bumpy than an air- 
plane, Bags of sand, for ballast, are 
removed as each of the passengers 
steps aboard. 

91. How high does a balloon rise? 
Since air is very compressible, the lay- 
ers near the surface of the earth are 
compressed by the weight of the air 
they sustain, and their density is cor- 
respondingly increased. As a balloon 
rises, it enters an atmosphere that is 
constantly growing rarer, and the 
buoyant force of the air is decreasing. 
A balloon will continue to rise until 


Courtesy of the Goodyear Tire and Rubber Company 


Fig. 110. Non-rigid airships were used in anti- 
submarine patrols during World War II. 


the weight of the balloon and its con- 
tents exactly equals the weight of the 
air displaced. Water is often carried as 
ballast, and released if the balloonist 
wishes to go higher. He may descend 
by releasing some of the gas. If bal- 
loons are filled entirely full before start- 
ing, the unbalanced expansive force 
might burst the gas-bag when the bal- 
loon rises into a rarer atmosphere. 
x92. How are gas pressures meas- 
ured? We buy gas at a certain price 
per 1000 cu. ft. Since the density of 
that gas varies so much with the pres- 
sure it sustains, it makes a decided dif- 
ference whether our gas is measured 
for us at a low pressure or a high pres- 
sure. If we put enough water into a 
bent tube like that shown in Fig. 111 
to stand about 4 in. high in each arm, 
and attach it to a gas jet, we find that 
the water will rise a few inches higher 
in the open arm when the gas cock is 
opened. The difference in height en- 
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Pressure of gas pushes. 
the water up the tube ^$, | 


Fig. 111. The open manometer may be used to 
ineasure gas pressures, 


ables us to measure the amount by 
which the gas pressure exceeds the 
atmospheric pressure. 

Mercury may be used in such a ma- 
nometer. For high pressures a closed 
manometer, Fig. 112, may be used, A 
spring gauge, similar to the one shown 
in Fig. 113, is also used. Most gauges 
show a reading of zero at normal at- 


Fig. 119. The closed 

manometer is used to Fig. 113. Th i 

ante high pres- gauge is used ko ee 
S. ure air pressures, 


mospheric pressure. Hence the actual 
pressure, or the absolule pressure, 
equals the gauge pressure plus 14.7 lb, 
per sq. in. Manometers and gauges 
may also be used to measure reduced 
pressures. Engineers speak of a “‘27-in, 
vacuum” or a ‘28-in. vacuum” in 
referring to reduced pressures. A “2% 
in. vacuum” means that the pressure 
is 28 in. less than one atmosphere, 
which is 30 inches. The gas in a “ 28-in 
vacuum” exerts a pressure of just 2 
inches of mercury. 

93. How does the gas meter 
work? The gas meter is a metal bor 
divided into four compartments by 
flexible diaphragms. By a slide valve 
these compartments are alternately 
connected with the city supply and 
with the pipe to the consumer. While 
the gas in two of the compartments is 
being used, the other two gas compart- 
ments are being filled. (See Fig. 114) 
The movement of the diaphragms not 
only operates the slide valve but it also 
controls a clockwork device which re 
cords the number of cubic fect of gas 
a iet j} 
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Fig. 114. The gas meter is used to measure gês 
consumption in cubic feet, 
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that passes through the meter. Fig. 115 
shows the dials of a gas meter. An em- 
ployee of the company reads the meter 
monthly and determines the amount 
of gas used each month by subtracting 
the previous reading from the present 
one. The dials as shown in Fig. 115 in- 
dicate 59,300 cu. ft. When the needle 
stands between two numbers, as on the 
left-hand dial, the lower number is 
taken as the reading. Fig. 115. Dials of a gas meter. 


100 thousand 10 thousand 1 thousand 


Summary 


Air has weight. 1 liter of dry air at S.T.P. weighs 1.293 g. Air also 
exerts pressure. At sea level the pressure is 14.7 lb. per sq. in. — 

The rise of liquids in exhausted tubes is caused by air pressure. 
Torricelli showed that air pressure supports a column of mercury 76 cm. 
high. Pascal showed that air pressure decreases as the elevation is in- 
creased, 

A barometer is an instrument used to measure atmospheric pressure. 
Tt is used to measure altitudes and in weather forecasting. A rising 
barometer indicates fair weather. A falling barometer indicates an ap- 
proaching storm. A steady barometer indicates settled weather. 

Unlike liquids, gases placed in a container expand and fill the con- 
tainer, Gases also differ from liquids in that they are easily compressed. 

Robert Boyle found that at constant temperature a given volume 
of dry gas varies inversely as the pressure sustained. by it. The density 
of a gas increases with increased pressure. 

Archimedes’ principle applies to gases. The buoyant force a gas exerts 
is equal to the weight of the gas displaced. ST : 

Compressed. air is used in pneumatic tires, diving bells, air brakes, 
riveters, and drills. : 

Exhaust pumps are used in making vacuum bottles, electric lamps, 
radio tubes, X-ray tubes, and in ventilating systems. Some types of 
water pumps and the siphon depend upon the pressure of the air for 


their operation. 


How many of the following terms can you define or explain? 


i Dehydrated 
Atmospheric Isotherm ydrated 
Magdeburg hemispheres Cyclone oe diver 
Mercury barometer Caisson ae ke 
Aneroid barometer Anti-cyclone bes in a - 
Barograph Stratosphere ard temperature 
Altimeter Troposphere Standard pressure 
Terrain clearance indicator Compressibility Atomizer 
Isobar Aspirator iphon 
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QUESTIONS 


1. What determines the height to which 
a balloon will rise? What causes it to rise? 

2. Make a simplified diagram of a lift 
pump, and, using your diagram, explain its 
operation. 

3. Make a simplified diagram of a force 
pump, and, using your diagram, explain its 
operation. i| 

4. In order to start a lift pump, water is 
sometimes poured into the top of it. This 
operation is called “priming” the pump. 
Explain how it helps. 

5. In cities where water is distributed to 
homes by a pressure pumping system, 
rather than by gravity flow from a reser- 


_ Voir, what type of pumps would be used, 


lift pumps or force pumps? 

6. What does a tire gauge register when 
the pressure is 1 atmosphere? What will a 
pressure gauge read if a tire is inflated to 
an absolute pressure of 44.7 Ib. per sq. in.? 

7. What causes a siphon to flow) Will 
it flow in a vacuum? Explain. 

8. Why does air exert a buoyant force on 
airships or balloons? 

9. Read your gas meter the same day it 
is read by the company employee. When he 
returns a month later, read it again. Cal- 
culate the number of cubic feet used during 
the month, and the amount of your bill. 

10. A pipe is sometimes fitted to the 
water pipe near the faucet, as shown in 
Fig. 116. How does such a pipe, which con- 
tains air, keep the water from “ pounding” 
when the water is turned off suddenly? 

11. Is it possible to siphon water from 
the bottom of a boat that is floating in the 
water? Explain. Is it possible to pump the 


Fig. 116. The air cush 


ion in th 
Prevents “pounding.” e vertical pipe 


Fig. 117. The inter- 
mittent siphon. 


water out by using a small lift pump? 
Explain. 

12. To what height must the ‘siphon 
shown in Fig. 117 be filled before it begins 
to flow? How long will it continue to flow 
To what height must the water rise before 
it starts flowing a second time? 

13. Why are weighings on very exact 
balances done in evacuated rooms? (Hint: 
Is the buoyant effect of the air on the 
weights and on the object to be weighed 
the same?) 

14. Why are “oversize” automobile tires 
generally inflated to a lower pressure than 
standard tires? ; 

15. The aspirating siphon, Fig. 118A, is 
used with corrosive liquids. Tell how you 
would start such a siphon. 

16. What is the purpose of the trap ina 
sink? See Fig. 118B, Is it a siphon? If not, 
what prevents it from acting like one? 


Fig. 118A. The as- 


Fig. 118B, Trap fot 
pirating siphon. 


sinks. 
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PROBLEMS 


Group A 


100 thousand 10 thousand 


1 thousand 


November reading 
Fig. 119. Gas meter dials. 


1. A lift pump can raise water to a height 
of 28 ft. To what height will gasoline, 
specific gravity 0.7, be raised by this same 
pump? 


2. What is the lifting force of 5 liters 
of helium? 

3. Automobile tires are generally in- 
flated to 30 lb. gauge pressure. What is the 
absolute pressure of the air in the tire? 
Remember that tire gauges read zero when 
the pressure is 1 atmosphere. 

4. To what height, theoretically, could a 
lift pump raise water, when the barometer 
is 25 in.? 

5. What pressure must be exerted by a 
force pump to raise gasoline, specific gravity 
0.7, to a height of 100 ft.? 

6. What is the greatest height over 
which water may be siphoned if the 
barometric pressure is 740 mm. of mer- 


cury? 

7. What will be the weight of the air in a 
tire whose capacity is 700 cu. in., if it is 
inflated to 29.4 lb. gauge pressure? 

8. If the lifting force of hydrogen is 
1.20 g. per liter, what is the buoyant 
force on a hydrogen-filled balloon whose 
capacity is 100 liters? 


Group B 


9. If the total weight of a balloon is 
1500 lb., what must be its volume in cubic 
feet if it is filled with hydrogen? 

10. If the balloon of Problem 9 is filled 
with helium, lifting force 1.1 oz. per cu. fin 
what volume of gas is needed? 

11. What will be the total force exerted 
by the piston of a force pump which raises 
water to a height of 1000 ft., if the area of 
the piston is 30 sq. in.? 

12. Fig. 119 shows the dials of a gas 
meter as they appear on October 1 and on 
November 1. If gas costs 75¢ for the first 
1000 cu. ft., 65¢ a thousand for the next 
2000 cu. ft., and 50¢ for each 1000 cu. ft. 
thereafter, calculate the bill for the month 
of October. 

13. A tire gauge reads 32 lb. per sq. in. 
Tf the capacity of the tire is 1000 cu. in., 
what volume does the air it contains oc- 
cupy at 1 atmosphere pressure? 

14. What volume in cubic meters must 


a balloon filled with helium have if the 
balloon is to carry a gross load of 5000 
kg.? 

15. A submarine when afloat has an 
over-all specific gravity of 0.8. What vol- 
ume of sea water must be taken aboard to 
make its specific gravity 1.05 so that it may 
submerge? When submerged it displaces 
75,000 cu. ft. of water. (Hint: Calculate 
the weight of the submerged submarine 
before allowance is made for buoyancy. 
Calculate the weight of the sea water it dis- 
places when afloat. The difference is the 
weight of water to be taken aboard.) 

16. If the submarine of Problem 15 is 
submerged to a depth of 200 ft. below the 
surface of the ocean, what compressed air 
pressure must be used to force the water 
from the ballast tanks in order for the sub- 
marine to rise? Remember that the total 
pressure on the submarine is atmospheric 
pressure plus water pressure. 
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Unit Two 


Os THE TIME OF THE ANCIENT GREEKS, MEN HAVE HELD 
to the idea that there was a limit to the divisibility of 
matter. For instance, we may take a lump of sugar and 
divide it into smaller and smaller pieces. Ultimately, how- 
ever, we will obtain a particle, which if divided further, will 
yield fragments which are no longer sugar. The smallest pos- 
sible particle which has the same properties as the entire 
mass of sugar is called a molecule. These tiny molecules are 
the unseen bits of matter whose properties determine to a 
great extent the properties of the substance of which they 
are a part. Many theories, some of which we shall study in 
this unit, are based on the movements of molecules. And 
the wonderful thing is that physicists developed all these 
ideas about particles which they had never seen! Today, 
with the aid of the electron microscope, very large molecules 
can be observed and photographed. And new X-ray tech- 
niques enable us to determine the structure of molecules. 

Molecules are so small that it takes at least a thousand 
average-sized ones laid side by side to make a line long 
enough to be seen through the best optical microscope. Yet 
they make up all the substances around us, whether they 
are solids, liquids, or gases. They have been weighed, and 
their dimensions have even been measured. 

Molecules of all substances are in constant motion. Even 
in such solid materials as wood or steel, the molecules con- 
tinually vibrate about more or less fixed positions. The evap- 
balls or camphor is caused by some of the 
particles vibrating so violently that they just jump off into 
space. In a liquid, molecules tumble all over one another. 
They are held tightly enough together so that a liquid has 


a definite volume. Yet they are loosely enough bound so 
89 


oration of moth 


that they can slide freely over one another as the liquid is 
poured from one container to another. But in gases, the 
molecules are really free! They can move about with bullet- 
like speeds in any direction with utter independence. 

The forces which hold molecules together are of great im- 
portance to us, too. Without these forces it would be im- 
possible to construct tall buildings, or throw great bridges 
across broad rivers. Materials like rubber or spring steel 
would lose their elasticity. The lubrication of our automo- 
bile engines would be impossible unless molecules of oil stuck 
to the cylinder walls, preventing the rubbing of metal against 
metal. We are used to thinking of water as being wet. But 
by adding newly developed substances to it, we can decrease 
the attraction of water molecules for each other, thereby 
increasing its wetness. Rain falls in drops because of the 
attractive force of water molecules for each other. And. that 
same rain, after soaking into the ground is absorbed by the 
root hairs of trees, and raised by the combined forces of 
osmosis and capillarity to branches 200 feet high! Poisonous 
gases can be adsorbed by the action of activated carbon. 
The absorption of carbon dioxide gas under pressure in soft 
drinks is familiar to all of us, The gas molecules escaping 
from the liquid when the pressure is released make it fizz. 

So you see, that these tiny particles, invisible except under 
the most powerful magnification, play a tremendously im- 
portant role in many aspects of your daily life. 


Unit Two 
Chapter 4 


Molecules — Their Behavior 


1. Molecular Motions 


94, What is the kinetic theory of 
matter? We have learned that all 
matter seems to be made up of exceed- 
ingly small particles called molecules. 
In gases especially, we know that the 
molecules are not relatively near neigh- 
bors. In liquids and solids, they are 
more closely crowded, but in all cases 
there is ample room between adjacent 
molecules to permit the molecules to 
move freely. The Greek word kinein 
means fo move. Our English word ki- 
netic is derived from the Greek word. 
Hence, the kinetic theory of matler as- 
sumes that the molecules of all matter are 
in constant motion. The rate and nature 
of such motion depend upon the na- 
ture of the substance, its state, and its 
temperature. There are many evi- 
dences of the correctness of the kinetic 
theory. 

95. What is Brownian move- 
ment? In 1827 an English botanist, 
Robert Brown, made an interesting 
and important discovery. He placed 
some pollen grains in water, and 
dropped a bit of this suspension on a 
small glass slide. When he looked. at 


this material under the microscope, he 
found that the pollen grains were in 
constant motion. They vibrated in a 
very haphazard way. The path of one 
particle would be like that shown in 
Fig. 120. Today we know that Brown- 
ian movement, as it is called, is caused 
by the ceaseless bombardment of these 
particles by the molecules of the liquid 
in which they are suspended. Can you 
imagine the irregular path traced by a 
person helplessly caught in an uncon- 
trolled, moving mob? He is pushed 
first one way by the crowd, then an- 
other, forward and backward, side to 
side. Pressure on the left moves him 
to the right. People shoving from 
the back push him forward. It is 
in this way that the molecules of a 
liquid push the suspended particles 


Fig, 120. The particle is driven hither and thither 
by the impacts of moving molecules. 


Vocabulary eK Lil) ee TTT 


Kinetic, moving. 

Dirrusion, intermingling without regard to 
weight. 

Osmosts, diffusion of a liquid, generally water, 
through a membrane. 

SURFACE TENSION, the tendency 
film to contract. ; 

Apsors, to suck up, imbibe, or take in. 


of a liquid 
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Apsorption, the condensation of gases on the 
surfaces of a solid. 

ULTRAMICROSCOPE, an instrument used to see 
light reflected from particles too small to be 
seen by an ordinary microscope. 

Evaporation, changing from a liquid to a 
gas or vapor. 

Meniscus, curved part of a liquid surface. 


oil drops suspended in 

J Tipy same zigzag motion as 
3 p about by rapidly mov- 
en es. Thus, molecules 
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show us that they are constantly in 
motion. This motion gives us one of 
the necessary proofs for the correct 
ness of the kinetic theory. 


9. Molecular Motions in Gases 
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times as many impacts against the 
walls as before. An automobile driver 
uses a small pressure gauge to measure 
the force exerted by the molecules 
upon each square inch of the inflated 
tire. By Pascal’s law, the pressure is 
transmitted equally in all directions. If 
one spot in the tire is especially weak, a 
“blow-out” is likely to occur, All the 
devices which utilize compressed. air 
afford examples of gas pressure due to 
molecular motion. Steam in boilers 
often exerts a pressure of 200 Ib. ot 
more per sq. in. In this case it is also 
evident that the molecules are widely 
separated when compared with the di- 
ameters of the molecules themselves, 
for the water formed when steam con- 
denses occupies about ioe the vol- 
ume of the original steam. The high 
temperature increases the velocity of 
the steam molecules, and the rapidly 
moving molecules exert, great pressure. 
98. Diffusion of gases shows that 
molecules of gases are in motion. 
Hydrochloric acid is 


a water solution 
of a dense gas, 


hydrogen chloride; aqua 


Fig. 121, Increasing the number of moleculesin | 
ntainer increases the pressure, 


MOLECULES—THEIR BEHAVIOR 93 


ammonia is a water solution of a gas of 
low density, ammonia. On uniting, 
these gases form a cloud of fine white 
particles. Suppose that we put a couple 
of drops of hydrochloric acid in a warm 
bottle. an equal amount of aqua am- 
monia in a second bottle, cover both 
with glass plates, and then invert the 
bottle containing ammonia over the 
acid bottle, as shown in Fig. 122. After 
the bottles have stood for a minute or 
two, a Vigorous action may be observed 
when we remove the glass plates. The 
less dense ammonia gas descends and 
mixes with the more dense hydrogen 
chloride, and vice versa. The student 
will note that the intermingling is ap- 
parently contradictory to the laws of 
weight. Other gases may be used, and 
they behave in the same manner. For 
example, carbon dioxide is about 22 
times as dense as hydrogen, but if 
bottles of these gases are placed mouth 
to mouth, the hydrogen gas above and 
the carbon dioxide below, some of the 
molecules of the dense gas will move 
upward and mix with the hydrogen and 
some of the lighter hydrogen molecules 
will move downward and mix with the 
carbon dioxide. If the denser gas had 
been placed at the top, we could ex- 
plain this phenomenon by the laws of 
weight, but since the gases moved in 
apparent violation of the laws’ of 
weight, it is quite evident that the 
molecules of gases are in motion. Such 
intermingling of gases without regard to 
weight is called diffusion. 

99. Gases diffuse through porous 
solids. In the apparatus shown in Fig. 
123, an unglazed earthenware cup is 
closed with a rubber stopper carrying 
a glass tube which dips into some 
colored liquid. When a beaker is in- 
verted over the cup and illuminating 
gas is led into the beaker, air begins to 


bubble out through the liquid. This 
experiment shows that gases diffuse 
through a porous solid. It also shows 
that the lighter molecules of illuminat- , 
ing gas move faster than the heavier 
molecules in the air. If a dense gas such 
as carbon dioxide is led into the beaker, 
molecules from the air flow out through 
the porous cup faster than the carbon 
dioxide molecules enter. This reduces 
the pressure inside the cup and the 
colored liquid rises in the tube. Such 
diffusion always takes place more rap- 
idly from a less dense to a more dense 
medium. 

The importance of diffusion of gases 
through a plant or animal membrane 
can hardly be overestimated. In or- 
dinary breathing, the oxygen of the air 
passes through the walls of the capil- 
laries in the lungs and enters the blood. 
Tt passes through the cell walls in the 
same manner. In like fashion, carbon 
dioxide is liberated from the cells and 
in turn from the lungs into the exhaled 
breath. Similar diffusion also occurs in 
plant tissues. Without such diffusion 
plants and animals would not exist. 
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Fig. 123. Gases readily 


Fig. 122. Gases 
mix by diffusion 
of the moving 
molecules, 


diffuse through porous 
solids, They also diffuse 
through membranes. 
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3. Molecular Motion in Liquids 


100. Why do liquids evaporate? 
“Everyone knows that water left stand- 
ing in an open vessel soon disappears by 
evaporation. It seems to be quite im- 
possible to explain such disappearance 
of liquids, unless we assume that the 
molecules of the liquid are in motion. 
In Fig. 124, we may picture what we 
believe to be constantly taking place 
in a liquid. The molecules move in all 
directions. Only those moving upward 
can escape into the air. Those that 
collide with air molecules may rebound 
into the liquid again. Exhausting the 
air above the liquid prevents such colli- 
sions, and furnishes an explanation for 
the fact that liquids evaporate more 
rapidly in a vacuum. 

We may see the motion of molecules 
evaporating from the surface of a boil- 
ing liquid most convincingly demon- 
strated by watching the very agitated 
movement of small steel balls placed on 
the surface of some heated mercury. 
The balls bounce around on the mer- 
cury in the same way we feel molecules 
must bounce around during evapora- 
tion. 

101. Diffusion of liquids is slower 
than that of gases. Let us pour into a 
tall cylinder enough concentrated cop- 
per sulfate solution to form a layer of 
blue liquid two or three inches deep. 
Float a flat cork on the surface of the 


Fig. 124, Moving molecules 


face of a liquid. escape at the sur- 


copper sulfate solution. We can then 
pour water carefully through a funnd 
tube on top of the cork so that it will 
spread out over the surface of the blue 
liquid, forming two distinct layers, 
since the water is much less dense than 
the solution of copper sulfate. (See 
Fig. 125.) 

After this cylinder stands a few days, 
the line of demarcation becomes quite 
irregular. Some of the blue solution 
moves upward and mixes with the 
water above, and some of the water 
molecules move downward into the 
copper sulfate solution. This experi- 
ment shows that diffusion also occurs 
in liquids, It may require weeks or 
months before the diffusion is complete, 
whereas the diffusion between the gases 
discussed in Section 98 was complete in 
a few minutes. This experiment shows 
that the molecules of liquids are in mo- 
tion, but that they move much more 
slowly than the molecules of gases. 

102. Diffusion of liquids is called 
osmosis. The device shown in Fig. 126 


3 


-~ Funnel tube 


Sugar = 
solution -= 


<4 
Metal 
cylinder 
Water with a 
i brane 
density = ™em 

Lig: per'ce. window x 
ti 
/ 


2 Water passes 


through 
membrane ~ 


-- Dense copper 
sulfate solution 


Fig. 125. Liquids dif- Fig. 126. Liquids pes 


fuse more slowly than 


through membranes 
gases do, 


by osmosis. 


MOLECULES—THEIR BEHAVIOR 95 


may be used to show that liquids diffuse 
through membranes. The diffusion ap- 
paratus and the attached tube are 
partly filled with a colored sugar solu- 
tion of 1% or 2% strength. The shell is 
then immersed in a vessel of water. 
In a few minutes the liquid begins to 
rise in the tube, and by the following 
day it will probably have reached a 
height of several feet. The light water 
molecules move much more rapidly 
then the sugar molecules, and for that 
reason their penetrating power is 
greater. The diffusion of liquids takes 
place more rapidly from the less dense 
lo the more dense liquid. This special 
case of diffusion, the diffusion of a 
liquid, which is generally water, is 


called osmosis. The pressure due to the 
osmosis of liquids may equal several 
atmospheres. 

Osmosis is a very important process. 
Food is digested in our stomach and 
small intestines to make it soluble so 
that it can be absorbed by osmosis into 
the blood or lymphatic systems. Each 
cell receives its nourishment by osmosis 
through the cell wall. The cell’s waste 
products are passed into the blood 
stream by osmosis. The mineral matter 
in the soil dissolves in the water and 
enters the root hairs of plants by 
diffusion. Osmotic pressure helps raise 
the sap of a tree, often 200 feet into 
the topmost branches, to furnish neces- 
sary nourishment. 


4. Molecular Motion in Solids 


103. Solids evaporate. The fact 
that solids evaporate is not so well 
known, but a little thought must con- 
vince us that solids do evaporate, al- 
though in most cases very slowly. A 
piece of musk will give off enough vapor 
to be perceived in any part of the room. 
A lump of camphor gum, or a crystal 
of iodine, will disappear in a short time 
by evaporation. Moth balls evaporate 
completely in time. Snow and ice 
evaporate quite readily. They disap- 
pear when it is too cold for them to 
melt. Tt is probable that many other 
solids evaporate, but so slowly in many 
cases that it is hardly noticeable. Thus 
the evaporation of solids furnishes 


evidence that their molecules are in 
motion. It is difficult to see how any 
solid can have an odor unless its mole- 
cules escape by evaporation. 

104. Diffusion of solids is very 
slow. If a lead plate and one of gold are 
left in close contact for a long time, 
particles of gold may be detected 
throughout the lead, showing that 
solids diffuse. The action is so slow that 
months are needed to produce even a 
slight diffusion. Other solids show a 
similar effect if the temperature is in- 
creased a few hundred degrees. From 
the evaporation and diffusion of solids, 
it is evident that molecular motion 
exists, even in compact, dense solids. 


5, Molecular Forces 


105. There are molecular forces 
in solids. Since there is 80 much evi- 
dence in support of the kinetic theory 


of matter, the student probably won- 
ders why all substances do not evapo- 
rate rapidly and expand indefinitely. 


96 MOLECULAR PHYSICS 


Instead, we know that many. solids 
have great tensile strength, and that 
enormous forces are required to pull 
them apart. In spite of the molecular 
motion, there seems to be a strong force 
binding together the molecules of such 
tenacious solids. This force of attraction 
between like molecules is called cohesion, 

Unlike molecules sometimes adhere 
to one another strongly. Tar sticks to 
our shoes, glue sticks to wood, and the 
gum on a postage stamp makes it 
adhere to an envelope. When we write 
on the blackboard some of the particles 
of the crayon adhere to the board. Writ- 
ing with a “lead” pencil would be im- 
possible if the molecules of the graphite 
of which the pencil is made did not 
adhere to the paper more strongly than 
they stick together. The force of attrac- 
tion between unlike molecules is called 
adhesion. 

106. Compare solids, liquids, and 
gases. Generally, the force of cohesion 
in solids is very great. The moving 
molecules are so firmly held by this 
force that they probably oscillate about 
fixed points, and do not change their 
relative positions to any marked degree, 

Tn such liquids as tar and molasses, 
it is evident that the force of cohesion 
is considerable. In such mobile liquids 
as water and alcohol, the cohesion is 
much less, although still measurable, 
While in liquids the force of attraction 
between molecules exceeds the effect 
due to molecular velocities, yet the dif- 
ference is so small that liquid molecules 
readily slide over one another; thus the 
liquid takes the shape of the container, 

In gases, cohesion is very feeble, and 
molecular motion go evident that the 
molecules of gases actually appear to 
repel one another. The force of cohe- 
sion 1s so small that it does not prevent 
gases from expanding indefinitely. 


It seems apparent that the state of 
matter depends upon the balance be. 
tween molecular forces and molecular 
velocities. In a bar of steel, cohesion is 
exceedingly great and molecular veloc. 
ity seems small. If we warm that piece 
of steel, its molecules move faster, and 
its strength is diminished. If we con- 
tinue to raise its temperature, a point 
is finally reached where the steel be- 
comes liquid. Its molecules then slide 
over one another like those of water, 
At still higher temperatures, steel be- 
comes a vapor, and has the properties 
of gases. 

107. Elasticity depends upon co- 
hesion. From the preceding section 
it is easy to see that the tenacity, or 
tensile strength, of a substance depends 
upon the cohesion of its molecules. 
Several other special properties of mat- 
ter, such as ductility, hardness, and 
malleability, depend upon cohesion. 
The elasticity of solids is also depend- 
ent upon this force. 

It takes a certain amount of force to 


stretch a rubber band. When the dis- 
torting force is removed, the rubber 
band tends to resume its original length. 


Such a band is said to be elastic, and 
that type of elasticity which is exempli- 
fied by the stretching of a rubber band 
is called elasticity of extension or trac- 
tion. Engincers use the term ‘‘stress” 
in speaking of a force which acts upon 
a body and tends to distort it. The 
change produced or the distortion is 
called “strain.” If we squeeze a tennis 
ball, it becomes distorted, but it tends 
to recover its original form and size 
when the stress is removed. This is an 
example of elasticity of compression. A 
golf ball struck by aclub is compressed 
before it begins its flight. The twisting 
of a coiled spring is an example of elas- 
licity of torsion. The elasticity of flex- 
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ion or flecure is exemplified by the 
bending of a strip of steel. In all these 
cases the body tends to resume its orig- 
inal form when the stress is removed. 

*108. Howis elasticity measured? 
Usually when one speaks of an elastic 
object, he means one which is easily 
distorted, such as rubber. Engineers 
use the term ‘‘elasticity” in a different 
sense. Steel is said to be highly elastic, 
because it requires a great force to 
cause its deformation. Steel has a high 
elastic constant. 

Suppose that we have two wires of 
different material, but of the same 
cross-sectional area. If it requires twice 
as much stress to stretch the first a 
certain distance as it does to stretch the 
second the same distance, the former 
has an elastic constant twice as high as 
the latter. In this sense steel is the most 
elastic substance known. Rubber has a 
very low elastic constant. 

109. What is perfect elasticity? 
If we stretch a coiled spring, it may. re- 
turn exactly to its original form after 
the removal of the stress. (See Fig. 
127.) If it does, it is said to be perfectly 
elastic. If we stretch such a spring too 
far, it remains permanently distorted. 
We have exceeded its elastic limit. 
Every material has a certain range of 
perfect elasticity through which it may 
be distorted before its elastic limit is 
reached. For example, it takes a great 
force to stretch a steel wire, but it can- 
not be stretched very far without be- 
coming permanently distorted. Its elas- 
tic constant is high, but its elastic limit 
is low. 

Liquids are perfectly elastic and they 
have ahigh elastic constant. Gases have 
a low elastic constant, as we find if we 
consider Boyle’s law. They are, how- 
ever, perfectly elastic. With both liquids 
and gases, we are concerned with elas- 


ticity of compression only. Within the 
limits of perfect elasticity, the elastic 
constant of any substance equals 
stress 
strain 
is the change produced. 

110. What is the law of rebound? 
If we throw an elastic object against a 
hard surface, it rebounds. As a batted 
ball comes toward him, the shortstop 
on a baseball team must be able to 
judge the angle which it will make with 
the earth, the point at which it will 
strike the ground, and the angle at 
which it will rebound. If his judgment 
is accurate, he can then place his hands 
in position to catch the ball as it re- 
bounds. In Fig. 129 let the horizontal 
line represent the ground and O the 
point at which the ball hits the ground, 
Suppose that we erect a perpendicular 


- Stress is the acting force and strain 


stretch wire 


Spring is 
elastic 


Fig. 128. The wire 
stretches before it 
breaks. (Hooke’s 
law.) ` 


Fig. 127. Elasticity of 
extension in a coiled 
spring. 
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OC at 0. The line AO shows the path 
of the ball, and OB the line along which 
it rebounds. If the ball is perfectly elas- 
tic and the surface hard, the ball will 
rebound so that the angle BOC, or the 
angle which the line of rebound makes 
with the perpendicular, is exactly equal 
to the angle AOC, or the angle that the 
line along which the ball was batted 
makes with the perpendicular. The angle 
of rebound BOC, is equal to the angle of 
incidence, AOC. In tennis, basketball, 
billiards, etc., the player is constantly 
making use of this law of rebound. 

When a ball that is not perfectly 
elastic, a dead tennis ball for example, 
is driven against a hard surface, the 
angle of rebound, ROG, is greater than 
the angle of incidence. Uneven surfaces 
and balls that have lost some of their 
elasticity are responsible for many er- 
rors in baseball and tennis, 

There is one exception to the law of 
rebound. A ball spinning on its axis as 
it moves does not rebound as shown in 
Fig. 129. A tennis ball that is “out” to 
make it rotate is harder to handle, since 
the player who receives cannot judge 
the rebound. Of course, a ball that is 
spinning does not travel along astraight 
line, but along a curve, 

lll. What is Hooke’s law? If we 
fasten one end of a wire to a beam, as in 
Fig. 128, and add weights to the hanger 
attached to the other end, the wire will 
be gradually stretched as weights are 
A 


Angle of 
incidence 


Angle of 
rebound 


M 


Fig. 129, Angle of incidence and angle of re. 


bound are equal 


added one by one. Suppose that we 
find that a weight of 100 g. stretches 
the wire 1 mm.; then 200 g. will 
stretch the wire 2 mm.; 300 g., 3 mm.; 
and so on, until the elastic limit ‘is 
reached. By such methods Hooke found 
that distortion is proportional to the 
distorting force, or, in general, distor- 
lions of elastic material are direclly pro- 
portional to the distorting force, provided 
the elastic limit is not exceeded. HooKr’s 
LAW may be briefly stated as follows; 
Within the limits of perfect elasticity, 
strain is directly proportional to stress, 
The spring balance is a common exam- 
ple of this law, since the 1-oz. divisions 
are equidistant. 

112. How can we find strength of 
materials? It is very important for 
builders to know the coefficient of elas- 
ticity of structural materials. It is just 
as essential for engineers to know the 
breaking strength of the materials 
which they use. In physical testing 
laboratories, strong machines are used 
to measure the strength of materials. 
Such machines test the tensile strength 
of cables, ropes, wires, belts, etc. Tests 
are made of the compression strength of 
materials used for piers, pillars, posts, 
and foundations, which must not be 
crushed by the load which they are re- 
quired to sustain, The propeller shaft 
of a steamship and the power shaft of 
an automobile must transmit power 
without permanent twisting of the 
shafts themselves. There are methods 
which make it possible for you to 
measure in millionths of an inch the 
amount by which you can bend a piece 
of standard steel rail by the pressure 
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Fig. 130, T. 
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of your fingers. Several types of beams 
have been designed to give great 
strength without undue increase in 
weight. Fig. 130 shows some of the 
types that are very much used by 
structural engineers. 

When designing machines or struc- 
tures of any kind, engineers always 
plan to use materials heavy enough to 
carry several times the load that is 
likely to be put upon them. This gives 
a factor of safety, for it provides for 
flaws in the material and for temporary 
overloading. A bridge which is made of 
material heavy enough to carry 50 tons 
is said to have a safety factor of 5, if its 
load is limited to a capacity of only 
10 tons. Six cables may be used to lift 
an elevator to the top of a tall build- 
ing even though one cable would be 
strong enough to raise the car and its 
passengers. This provides for a safety 
factor of six. 

113. There are molecular forces 
in liquids. If we stick our finger into 
thick molasses and then withdraw it, 
we are conscious of a certain amount of 
force needed to pull apart the mole- 
cules of the molasses. By use of the 
following experiment, it may be shown 
that some force is necessary to over- 
come the cohesion of water molecules. 
Let us attach a glass plate to one pan 
of a balance and counterpoise it. Next 
we shall place a jar of water under the 
glass plate so that the lower surface of 
the plate just touches the surface of 
the water, We may now add several 
small weights in order to lift the plate. 
(See Fig. 131.) Since the plate is wet 
when pulled away, the additional 
weights must have been used to tear 
the water molecules apart. The adhe- 
sion of the water molecules to the glass 
is greater than their cohesion for one 
another; hence water wets glass. 


If mercury had been used instead of 
water, the glass would not have been 
wet by the mercury, since the cohesion 
of mercury molecules is greater than 
their adhesion to glass. For the same 
reason, mercury does not wet the finger 
when it is dipped into a bowl of mer- 
cury. The force of cohesion varies in 
different liquids. It is less than in solids, 
but it is fairly strong in some viscous 
liquids. 

114. What are surface tension 
and liquid films? Nearly everyone 
has seen someone float a small sewing 
needle or a safety-razor blade on the 
surface of a glass of water. The needle is 
more than seven times as dense as the 
water. A careful examination of the 
water surface shows that the needle 
floats in a little hollow in the water 
surface. The water behaves as if a thin 
elastic film or membrane had been 
stretched over its surface. This property 
of liquids is due to surface lension. The 
weight of the needle is not great enough 
to break this liquid film. A wet needle 
cannot be floated in this manner; hence 
this experiment is more easily per- 
formed if the needle is first covered 
with a film of oil. 

Small insects run around over the 
surface of the water, since their weight 
is not great enough to break the surface 


Weight needed 
to tear apart 
water molecules 


Fig. 131. Cohesion of water molecules is 
measurable. 
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----Contracting 


Fig. 132. Film contracts and expels part of the 
air. 

fim. All liquids are like water in this 
respect. In alcohol, the film is not as 
strong as in water. Many oils, too, have 
a weaker film, but they are much more 
viscous. There is more friction within 
the liquid itself. Hence it pours slowly. 
Adding soap to the water increases the 
viscosity. Engineers test the viscosity 
of lubricating oils by counting the num- 
ber of drops which will pass through a 
tiny opening in one minute. For com- 
parison, several glass tubes may be 
filled with oils of different viscosity. 
Their relative viscosities are compared 
by noting the relative times needed for 
steel balls of equal weight to fall 
through the oils in the tubes. 

115. Liquid films are elastic. If we 
blow a soap bubble and then remove 
the pipe from the mouth, the bubble 
slowly contracts, forcing the air out of 
the pipe-stem. (See Fig. 132.) A film of 
soap will slide the looped wire along 
the frame of Fig. 133 as it contracts. 
When we dip a wire ring containing a 
loop of thread, Fig. 134A, into a dish 
of strong soapsuds, a film is formed 


—> 


Elastic film pulls 


metal rod 


Fig. 133. Liquid film is elastic and contractile, 
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broken. 
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to form circle. 


Fig. 134. A. Soap film is formed. B. Soap film 
contracts and pulls loop of thread into circle, 


across the ring. If we break the film in- 
side the loop with a hot wire, the un- 
broken film outside the loop contracts 
and pulls the thread into the form ofa 
circle, as in Fig. 134B. These experi- 
ments show that the surface films of 
liquids are elastic. Since this film con- 
tracts to make the surface as small as 
possible, the tendency of liquid films to 
contract is called the surface tension of 
liquids. 

Reference to Fig. 135 aids in the ex- 
planation of surface tension. A mole- 
cule at A is attracted equally in all 
directions by the cohesion of the sur- 
rounding molecules. A molecule at B 
is attracted laterally and downward, 
but not in an upward direction. Thus 
there is exerted upon the surface mole- 
cules an unbalanced force tending to 
pull them toward the interior of the 
liquid. This unbalanced, contractile 
force causes the surface to act like an 
elastic membrane. 


Molecule at surface is 
under unequal tension 


Fig. 135. Any molecule at the surface is under 
uneven tension, 
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116. What is the shape of liquid 
surfaces? An examination of the sur- 
face of water in a glass container shows 
that it is not exactly level, but from 
above, it is slightly concave. The edge 
of the surface where it comes in con- 
tact with the glass is lifted a little 
above the general level. (See Fig. 136 
A.) This crescent-shaped surface of a 
liquid column is called the meniscus. 
In reading the height of the water sur- 
face in a graduated glass cylinder, we 
read to the lower part of the meniscus, 
since the actual volume of liquid lifted 
above this level is small. The reason for 
the lifting of the water at the edge is ex- 
plained by the fact that the adhesion of 
the water for the glass is greater than 
the cohesion between the water mole- 
cules. 

When mercury is used instead of 
water, the edges of the liquid are de- 
pressed and the surface is slightly con- 
vex. In this case the cohesion between 
the mercury molecules is greater than 
their adhesion for the glass. (See Fig. 
136 B.) In reading the height of a mer- 
cury column, one reads to the top of the 
meniscus. 

117. What shape does a free liq- 
uid assume? When we speak of a free 
liquid, we refer to a liquid that is not 
subjected to any force or pressure. A 
little water poured upon the floor is not 
a free liquid. Under the influence of 


Mercury surface 
is convex 


Water surface 
is concave 


B 


Fig. 136. A. Liquids which wet the surface of 
their containers have concave surfaces. B. Liquids 
that do not wet vessels have convex surfaces. 
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gravity, the water spreads out in all 
directions, since its molecules slide over 
one another readily. Raindrops are 
nearly spherical; they are common ex- 
amples of free liquid. If we fill a glass 
cylinder half full of water, and then 
float a layer of alcohol on the surface 
of the water, we can lower a drop of oil 
into the liquid and practically nullify 
the force of gravity. The oil is denser 
than the alcohol, but not as dense as the 
water. So, it floats at the interface. Its 
shape is spherical. (See Fig. 137.) 

Suppose that one is given a cubic 
inch of some plastic wax and told to 
fashion it into such a shape that it will 
have the smallest surface area that is 
possible. By geometry, one finds that a 
sphere has a smaller surface area for a 
given volume than any other geometri- 
cal figure. As the film on the surface of 
a free liquid contracts, it pulls the liq- 
uid into the shape of a sphere, reducing 
the surface area to a minimum. Mer- 
cury spilled on a table breaks up into 
small drops, since the effect of gravity 
is small compared to the cohesive force 
of the molecules of mercury. Larger 
globules are distinctly flattened. 

118. What is capillarity? In Sec- 
tion 31 the statement was made that 


Alcohol 


-- Oil drop 


-- Water 


Fig. 137. A liquid that is free from a distorting 
force takes a spherical shape. 
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liquids in communicating vessels reach 
the same level. The statement is not 
rigorously exact, and a correction must 
be made for communicating tubes of 
small diameter. Experiment shows that 
water does not stand at the same level 
in communicating tubes of varying di- 
ameters, but rises higher in tubes of 
small diameter, Fig. 138A. When mer- 
cury is used, the depression is greater 
in tubes of small diameter, Fig. 138 B. 
This elevation, or depression, of liquids 
in capillary (hair-like) tubes is known 
as capillarity. 

Capillarity really depends upon ad- 
hesion and surface tension. The ad- 
hesion of water for the glass causes the 
surface of the water to become concave. 
Surface tension tends to decrease the 
surface area, or to flatten it by contrac- 
tion. These two forces decrease the 
pressure on the surface of the liquid in 
the tube. Air pressure on the rest of 
the liquid surface pushes the liquid 
above the surrounding level to a height 
dependent on the weight of the liquid 
and the strength of the liquid film. 
Why is a liquid like mercury depressed 
in a capillary tube? 

119. What are the laws of capil- 
larity? Several laws that apply to cap- 
illarity have been verified by experi- 
ment: (a) Liquids rise in capillary tubes 
if they wet them; liquids that do not wet 
the tubes are depressed, (b) The elevation, 


Water rises Mercury is depressed 


Fig. 138, A, Capillary 
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or depression, is inversely proportion 
to the diameters of ihe tubes. (c) Th 
amount of elevation or depression de 
creases as the temperature increases, 

120. We meet capillary phenom. 
ena in everyday life. When one corne 
of a towel is held in water, other por 
tions of the towel soon become wet. The 
spaces between the fibers are really 
small capillaries in which the liquid 
rises. The use of a towel in drying the 
hands is an application of capillarity, 
The absorption of ink by blotting pa 
per, and the rise of oil in a lampwick, 
are further examples. 

Capillarity may play an important 
part in the conservation of moisture in 
the soil. Rain water disappears in sev- 
eral ways: (a) Part of it runs off di- 
rectly; (b) part evaporates; (c) some 
trickles through the soil and becomesa 
part of the subterranean drainage sys- 
tem; (d) some of it is absorbed or held 
by the soil, to be used by the roots of 
plants. The amount thus retained de- 
pends upon the kind of soil and upon 
the size of its pores. In very compact 
soil, the pores are small and capillary 
action brings the water to the surface, 
where it is lost by evaporation. Stirring 
the surface soil makes the pores larget 
and prevents a considerable portion of 
this loss. The so-called dry farming de 
pends upon this principle. In Kansas, 
Nebraska, and other states where the 
rainfall is not much more than fifteen 
to twenty inches annually, good crops 
may be grown by making the subsol 
compact to prevent subterranean 1oss; 
and keeping the surface stirred to pre 
vent loss by capillarity. 

121. What is the nature of solu- 
tion? Everyone knows that a lump ol 
sugar or a piece of salt put into a glass 
of water dissolves, or goes into solution: 
In these cases the water is the solvent 
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the sugar or the salt, the solute. It is 
believed that a substance dissolves if 
the force of adhesion between its mole- 
cules and those of the solvent is greater 
than the cohesive force binding to- 
gether its molecules. The molecules of 
the solute occupy the spaces between 
the molecules:of the solvent. It is prob- 
able that molecular motion also plays 
an important part in the advancement 
of these molecules through the pores of 
the solvent. 

Several interesting facts concerning 
solutions should be noted. 

1. A solution is of the same nature 
throughout; each unit volume of the sol- 
vent contains the same amount of sol- 
ute. A teaspoonful of sweetened coffee 
is just as sweet when taken from one 
part of the cup as from another. 

2. The solute does not separate from 
the solent upon standing, unless the 
temperature changes or some of the 
solvent is lost by evaporation. 

3. Only a definite amount of solute 
can be dissolved in a given amount of 
solvent at a certain temperature. If the 
solvent holds all the solute it can at 
that temperature, it is said to be satu- 
rated. 

4. The solubility of a solid generally 
increases with a rise of temperature. Boil- 
ing water dissolves salt, sugar, etc., 
faster than cold water does, and it 
takes more of the solute to saturate the 
boiling water. 

5. The solubility of a solid varies with 
the nature of the solid and with the solvent 
used. For example, salt dissolves readily 
in water, but glass is only slightly solu- 
ble. Rosin and shellac are almost in- 
soluble in water, but they dissolve read- 
ily in alcohol. Grease is quite insoluble 
in water, but it dissolves readily in gas- 
oline. On the other hand, many sub- 
stances that are quite insoluble in alco- 
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hol or gasoline dissolve easily in water. 
Water is one of the best solvents known. 

Both solids and liquids tend to lower 
the freezing point of a solvent when 
they are dissolved in it. During cold 
weather, men add alcohol or “ Pres- 
tone” to the water in their automobile 
radiators to lower its freezing point. 

122. What is the nature of crys- 
tallization? When the saturated solu- 
tion of a solid is cooled or evaporated, 
some of the solid separates from the sol- 
vent in the form of crystals. Crystalli- 
zation may also occur when a substance 
changes from the liquid to the solid 
state. During crystallization the mole- 
cules of the solid arrange themselves in 
regular geometric figures. The shape 
of the crystal depends upon the nature 
of the solid and the conditions under 
which crystallization occurs, Fig. 139. 
Granulated sugar, rock candy, and 
snowflakes are familiar examples of this 
beautiful phenomenon. The diamond 
differs from the graphite in your “lead” 
pencil only in the form in which the 
carbon particles of which it is com- 
posed have crystallized. 

123. What is an emulsion? It is 
possible to dissolve one liquid in an- 
other. In such a case, either liquid may 
be considered the solvent. When two 
liquids are mutually soluble, they are 
said to be miscible. For example, al- 
cohol and water will mix in all propor- 
tions. Oil and water are immiscible. 
When anoily liquidis vigorously shaken 
with water, finely divided particles of 
oil remain temporarily suspended in the 
water forming an emulsion. Milk is a 
good example of an emulsion, since the 
fat globules remain suspended in the 
milk for some time before the cream 
separates. In making mayonnaise dress- 
ing, egg yolks are added to make the 
emulsion of olive oil permanent. 
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Fig. 139. Left A pair of quartz crystals. Right: Garnet crystals embedded in rock. The regular, 
geometric shape assumed by crystals is one of the wonders of nature, 


124. How are gases adsorbed by 
solids? Some porous solids, like char- 
coal, meerschaum, and silica gel have 
a great capacity for adsorbing gases. 
Freshly heated charcoal adsorbs 90 
times its own volume of ammonia gas. 
It will adsorb 35 times its volume of 
carbon dioxide. The adsorption of 
gases by solids appears to be due to 
a condensation of the gas upon the 
surfaces of the solid; hence porous 
solids, having large surface areas, 
naturally have a great capacity for 
adsorption. Tailors put fuller’s earth 
on a grease spot and then add a sol- 
vent. The grease is dissolved by the 
solvent, and the liquid is then ad- 
sorbed by the fuller’s earth, 

Charcoal is a good deodorizing 
agent, since it readily adsorbs the 
gases that produce bad odors. Some- 
times drinking water is filtered through 
a layer of charcoal to improve the 
taste. Charcoal lozenges are used by 


Some people to adsorb excess gas in 
the stomach. 


Activated carbon is much more effi- 
cient as an adsorbing agent than or- 
dinary charcoal. Carbon may be acti- 
vated by heating it under pressure 
with steam, and then suddenly re 
leasing the pressure. Samples of acti- 
vated carbon have been made, capable 
of adsorbing 900 times their own vol- 
ume of gas. Gas mask canisters for 
industrial and military use contain 
activated carbon. Various chemical 
are used to impregnate the carbon, 
making it more effective, 

125, How are gases absorbed by 
liquids? Milk absorbs gases given off 
by foods quite ag readily as does butter. 
If we heat a little water in a test tube, 
bubbles of gas soon begin to rise through 
the water. This gas may be shown to 
consist of air which was absorbed by 
the water, Water absorbs carbon di- 
oxide even more readily than it does 
air, while ammonia gas is so readily 
absorbed that it is possible to dissolve 
nearly 1300 quarts of 


(S.T.P.) 


ammonia gas 
in one quart of ice water. 
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Heating a liquid decreases its capac- 
ity for absorbing gases. In other words, 
gases are less soluble in hot water than 
they are in cold water. For this reason 
ammonia gas is liberated when we heat 
household ammonia. 

An increase of pressure increases the 
capacity of liquids for absorbing gases. 
In charging soda fountains, or in bot- 
tling carbonated beverages, carbon di- 
oxide gas is forced into the liquid under 
apressure of several atmospheres. When 
the pressure is released, part of the ab- 
sorbed gas bubbles off and escapes at 
the surface of the liquid. The effect of 
pressure upon gas absorption was stud- 
ied quantitatively by Henry. He found 
that the amount of gas that can be ab- 
sorbed, or dissolved, in a liquid is di- 
recily proportional to the pressure. This 
statement is known as HENRY’S LAW. 
At a pressure of two atmospheres, one 
can dissolve twice the amount of car- 
bon dioxide in water, for example, that 
he can when the pressure is only one 
atmosphere. 

In many cases it seems probable that 
gases which are dissolved in water are 
held in solution physically. In other 
cases, the gas doubtless unites with the 
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Fig. 140. An Army gas mask showing the pas- 
sage of inspired and expired air. The canister, 
which is mounted on the left cheek so that it 
will not interfere with the soldier aiming his 
rifle, contains two different materials in separate 
layers. The first is a special kind of cellulose to 
remove finely divided solid particles from the 
inspired air. The second layer is activated carbon 
which adsorbs poison gases in the air breathed 
by the soldier. 


water to form a chemical compound 
which is soluble. There is no English 
term to distinguish between these two 
kinds of solution. It is not accurate to 
say that metals dissolve in acids. Acids 
decompose some metals, but do not 
hold them in solution, 
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When an object rebounds, the angle of rebound is equal to the angle 
of incidence, provided that the object is perfectly elastic. 

Hooke found that elastic deformations are directly proportional to 
the distorting force, if the elastic limit be not exceeded. Or, strain is 
directly proportional to stress. l 

Liquids behave as if a thin elastic film were stretched over their 
surfaces. The film is contractile. It pulls free liquids into a spherical 
shape. ; 

The elevation or depression of liquids in tubes of small diameter is 
known as capillarity. Liquids that wet the tubes are elevated by cap- 
illary action; those that do not wet the tubes are depressed; the amount 
in either case is inversely proportional to the diameter of the tube. The 


amount is also inversely proportional to the temperature. 

The solubility of a solid usually increases as the temperature increases. 
Cooling a saturated solution, or evaporating some of the solvent, causes 
the separation of some of the solute in the form of crystals. 

The solubility of gases decreases with an increase in temperature. 

The amount of gas that can be dissolved in a liquid is directly pro- 
portional to the pressure, a statement known as Henry’s law. 


How many of the following terms can you define or explain? 


Molecule Torsion Meniscus 
Kinetic Stress Capillarity 
Brownian movement Strain Solubility 
Diffusion Flexion, flexure Crystallization 
Osmosis Elastic constant Miscible 
Evaporation Elastic limit Emulsion 
Cohesion Hooke’s law Absorption 
Adhesion Safety factor Adsorption 
Elasticity Surface tension Henry’s law 
Compression Viscosity Shape of free liquid 
QUESTIONS 


1. Why is it possible to smell ether 
throughout an entire room shortly after 
some has been spilled in one corner? 

2. How do fish get the oxygen which 
they require for life? Do you think that 
fish could live in freshly boiled and cooled 
water? If the proper number of plants are 
growing in an aquarium the water need not 
be changed. Why? 

3. When strawberries are allowed to 
stand after being sugared, syrup forms in 
the bottom of the bowl, Explain. 

4. In dry weather farmers loosen the 
top layer of soil in their gardens, This helps 
retain the moisture in the subsoil so that it 
is available for plant roots, Explain why. 


5. How does the wick in a kerosene 
lamp or cigarette lighter work? 

6. On the basis of the kinetic theory, 
how are the following observations & 
plained: (a) gases are compressible; (b) gases 
exert pressure; (c) gases have a lower den- 
sity than solids or liquids; (d) gases will 
completely fill any container into whic 
they are admitted; (e) gases can be liquefied 
by compression; (f) gases diffuse throug? 
one another? 

7. Why would it be important for 4 
billiard player to be familiar with the law © 
rebound, and especially the effects cause 
by the rotation of the ball on its axis? 

8. A heavier oil is used to lubricate 
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automobiles in summer than in winter. 
Explain. 

9. Why does water wet the walls of glass 
containers? Why will mercury not do this? 

10. Why is it possible to float a greased 
needle or razor blade on water, even though 
the density of both the needle and the razor 
blade is greater than that of water? 

11. How does the specific gravity of a 
salt solution compare with that of the 
solvent alone? Can you explain how a hy- 
drometer could be used to measure the 
degree of saturation of a solution? 

12. Explain what is meant by direct 
proportion, What is meant by inverse pro- 
portion? Is Hooke’slaw an example of a 

HY f 
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direct or of an inverse proportion? 

13. Explain how a paper towel acts in 
drying your hands. What properties should 
such towels have? 

14. Engineers in building a bridge gen- 
erally allow a safety factor of 5. What is 
meant by this expression? 

15. Why must paper that is to be used 
with ink be coated with sizing before an 
attempt to write on it is made? What hap- 
pens when you try to write with ink on an 
unsized paper such as blotting paper? 

16. Explain why water will not rise more 
than 34 ft. in an evacuated tube, although 
sap will rise to the top of a tree as high as 
200 ft. 


PROBLEMS 


1. An elevator is rated to carry 2500 lb. 
A safety factor of 5 has been provided. 
What load can the elevator cables actually 
lift? 

2. The maximum load a bridge can sup- 
port is 100 tons. In order to provide a 
safety factor of 10, what should its rated 
capacity be? 

3. If the ounce marks on a spring bal- 
ance are J in. apart, how long a scale will 
be needed if the capacity of the balance 
is 5 Ib. 

4. A wire 1 mm. in diameter is stretched 
0.1 mm. by a certain weight. How far will 
a wire 2 mm. in diameter be stretched by 
the same weight if it is of the same maz 
terial and of equal length? (The strength of 
a wire varies as the square of the diam- 
eter.) 


Y Group A 


5. One liter of water at 0°C. absorbs 
1.71 liters of carbon dioxide under 1 atmos- 
phere pressure. How many liters of carbon 
dioxide will be absorbed if the pressure is 
5, atmospheres? 

6. Two wires are identical except that 
one is 5 ft. long, the other 10 ft. long. The 
first wire may be broken when 25 Ib. of 
force is applied. What force is required to 
break the second wire? 

7, What total force is exerted against 
the piston of a steam engine having an 
area of 300 sq. in., if the steam pressure is 
200 Ib. per sq. in.? 

3. If the density of steam at 100° C. is 
0.0005974 g. per Cc., what volume of 
steam may be produced from 50 g. of 
water? The water and steam weigh the 
same. 


Group B 


9. The cross-sectional area of a wire is 
0.0004 sq. in. If it takes a force of 50 Ib. 
to break this wire, what is its tensile 
strength? 

10. What force will be needed to break 
a piano wire, 0.04 in. in diameter, if it 
has a tensile strength of 375,000 Ib. per 
sq. in.? i 

11. If 31.0 ce. of oxygen will dissolve 
in a liter of water at 20° C. under a pressure 
of 1 atmosphere, what volume will be dis- 


solved under a pressure of 15 atmospheres? 
What weight of oxygen is this, if the den- 
sity of oxygen is 1.429 g. per liter? 

12, How much force would be required 
to pull apart one of the cables of the George 
Washington Bridge, which is located across 
the Hudson River in New York City? The 
cables are 36 inches in diameter. Assume 
that the steel has a tensile strength of 
150,000 lb. per $q- in. What changes take 
place in the cable before it actually breaks? 
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N THE STUDY OF FORCE AND MOTION, THREE GREAT SCIEN- 
tists stand out particularly. The first of these, Galileo 
Galilei, was born in Italy in 1564. Galileo is considered by 
some to be the founder of modern physics, because he 
adopted the experimental method. He dropped various ob- 
jects from the top of the Leaning Tower at Pisa, and studied 
the increasing velocity of a ball rolling down an inclined 
plane, to discover the laws of falling bodies. From his ob- 
servations of a swinging chandelier, he developed the laws 
of the pendulum. He also made an attempt to determine 
the velocity of light. Galileo built one of the first telescopes. 
Using it to follow the paths of the heavenly bodies, he found 
evidence which compelled him to agree with Copernicus that 
the sun, not the earth, is the center of the solar system. These 
ideas were so in advance of their time that Galileo became in- 
volved in controversies which nearly cost him his life. The 
year he died, Sir Isaac Newton was born in England. 
Newton is best known for formulating the law of gravita- 
tion. This law was not deduced by careful experimentation. 
Instead, Newton took an intelligent guess. Then he set out 
to see if his guess were true. That is often the way scientists 
work. They ‘devise an hypothesis which explains the facts 
which they know. This hypothesis, if true, will lead to cer- 
tain other results. These are investigated and, if found to 
be plausible, they are tested finally to prove the correctness 
of the original prediction. When the hypothesis agrees with 
all the facts in a large number of cases it 18 accepted as cor- 
rect, Not until then can it become a law. 


Newton tested his idea of gravitation against the known 
facts of the moon’s orbit, and found substantial agreement. 
Then he-tested it to see if 


his hypothesis would predict the 
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path of the planets around the sun. It did. Next, he checked 
to see if it would predict the disturbances in the orbits of 
heavenly bodies caused by the near approach of other planets. 
His data again proved to be accurate, Another test of the 
law of gravitation is the accuracy with which it is possible 
to predict eclipses of the sun and the moon. 

Newton also showed that white light can be broken up 
into the band of colors called the spectrum. Further, he de- 
vised a theory of the nature of light which was generally 
accepted during the eighteenth century. This theory was 
discarded later, but it is a tribute to the greatness of this 
scientist that today his theory is being revised as an essen- 
tial part of a more general concept of the nature of light. 

The greatest living mathematical physicist is Albert Ein- 
stein. In 1905, when he was an obscure clerk in the Swiss 
Patent Office in Berne, he worked out one of the most im- 
portant theories of physics today—the theory of relativity. 
By this theory Einstein declared that all motion is relative 
to the point from which the motion is observed. If you stand 
on the station platform, the train appears to move forward. 
If you are on the train, the platform appears to move back- 
ward. Not only is motion relative in speed and direction, 
but, according to this theory, so are space and time, The 
only exception is the speed of light. 

The speed of light through space is independent of the 
source of the light, and of the point from which the observa- 
tion is being made. It is the greatest speed we know, about 
186,000 miles per second. But the most important prediction 
based on the theory of relativity is that matter and energy 
no longer have Separate existence, but can be converted from 
one to the other. His well-known equation, Æ = me, has 
appeared in magazines and newspapers frequently since the 
explosion of the first atomic bomb, But the original equation 
was first advanced by Einstein early in this century. 
ye pin es we shall study force and motion. We shall 

of the laws Pertaining to these two subjects, 
especially Newton’s laws of motion which tell us how a 
moving body behaves, Jet-propelled airplanes are a direct 
application of one of N ewton’s laws, 
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Unit Three 


Chapter 5 Č 


1. Gravitation and Weight 


126. What is force? We have used 
the term “force” to describe the 
amount of “push” exerted by a liquid 
against the walls of its container. Force 
often acts to “pull” on an object, too. 
We exert a force when we pull on a 
wagon or pull open a heavy door. 
Force might be defined as muscular 
exertion or its equivalent. In these ex- 
amples, you should notice that forces 
may produce motion, as in opening the 
door, or they may merely tend to do 
s0, as when the liquid presses against 
the walls of its container. If we push 
against a truck, we may move it, or 
only tend to move it. If we pull on a 
heavy piano, we may move it, or only 
tend to move it. Forces produce or pre- 
vent motion, or they have a tendency to 
do so. The forces of nature, wind, 
waves, and tides, may be very de- 
structive. (See Fig. 141.) Man may 
also use them for his own purposes. 

127. What is the force of gravita- 
tion? Before a child learns to walk, he 
frequently experiences the force of 
gravitation. He finds that bodies fall 
toward the earth. He cannot tell why, 
and neither can anyone else. We say 
that bodies fall toward the earth be- 


Force 


Fig. 141. When the velocity of the wind in a 
tornado reaches from 100 to 200 miles per 
hour, it destroys practically everything in 
its path. 

cause they are attracted by gravity, or 
that most common of all forces, gravi- 


tation. 


Vocabulary a 


RESULTANT, a single force that can be sub- 
stituted for two or more forces without 

o altering the effect. 

Equant, a single force that makes the 
net force zero. 

Crnrer or craviry, that point in & body at 


which all its weight acts as if it were con- 
centrated. 


CouNTERPOISE, 


balance another. f 
GRAVITATION, the force of attraction between 


two bodies, due to their masses. 


a weight used to counter- 
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Sir Isaac Newton, Fig. 142, called 
attention to the fact that gravitation is 
universal, and also that the attraction 
between bodies is mutual. The force is 
universal because it applies to the 
earth, the sun, the stars, and all bodies 
in the universe. It is mutual, because an 
apple attracts the earth, as well as 
being attracted by the earth. The earth 
attracts the moon, and the moon also 
attracts the earth. 

The magnitude of the force of mutual 
attraction depends upon two things: 
(a) The masses of the bodies; (b) the 
square of the distance between their 
centers. It will take twice the force 
to lift two bricks that it does to lift 
one, because we must now overcome 
the attraction of the earth for twice 
as much mass. The force of attraction 
decreases rather rapidly as the distance 


Science Service 


Fig. 142. Sir Isaac Newton (1642-1727) was 
a famous Philosopher and a mathematical 
genius. He stated the law of gravitation and the 
laws of motion. He discovered that white light 
is composed of seven colors, and he explained 


the color fringe of films, In mathematics he lai 
the foundation for the calculus, Seba at 
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Oficial U.S, Army photograph 


Fig. 143. Tanks used in modern warfare com- 
bine hitting power, great weight, and brute 
strength, Photo above shows the post-war T-28 
tank of the U.S. Army. 


between the two bodies increases. This 
is because it varies inversely as the 
square of the distance between their 
centers. Newton did not discover grav- 
itation, but he formulated the follow- 
ing law: Every body in the universe 
altracls every other body with a force 
that is directly proportional to the prod- 
uct of their masses and inversely pro- 
portional to the square of the dislance 
between their cenlers. An object at the 
surface of the earth is about 4000 miles 
from its center. If it were taken up to 
a height of 1000 miles, it would then 
be 5000 miles from the earth’s center. 
The earth’s attraction for it would 
then be only 16/25 as much as before. 
(4000)? + (5000)? = 16/25. A body 
that weighs 100 Ib. at the earth’s 
surface will weigh only 64 Ib. at a 
height of L000 miles above the surface. 
Two thousand miles up it will weigh 
44.4 lb. 
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128. What is weight? We have al- 
ready defined the weight of a body as 
the measure of the earth’s attraction 
for that body. When we say that a 
man weighs 200 lb., we mean that he 
attracts the earth with a pull of 200 lb., 
and that the carth’s attraction for him 
is equal to 200 Ib. Since all parts of the 
earth’s surface are not equidistant 
from its center, we would expect the 
weight of an object to vary in different 
localities. For example, a body will 
weigh slightly less on top of a moun- 
tain than it does in a valley. Since the 
earth is slightly flattened at the poles, 
aman will weigh slightly more at the 
North Pole than he does at the equa- 
tor. A man who weighs 189 lb. at the 
equator weighs about 190 Ib. at either 
pole. 

If a hole were bored down into the 
earth and a body were lowered into it, 
its weight would not keep increasing 
as it descended beneath the surface. 
It is true that it would be getting 
nearer the earth’s center, but the gravi- 
tational pull of the material above it 
would cause it to weigh less when it 
was beneath the surface. A body will 
have its greatest weight on that part 
of the surface which is nearest the 
earth’s center, but it will lose in weight 
if carried above the surface or lowered 
beneath it. 

The mass of the sun is so much 
greater than the mass of the earth that 
an object which weighs 100 Ib. on the 
earth would weigh at the surface of the 
sun about 2700 lb. The force of gravi- 
tation on the moon is so much smaller 
than it is on the earth that a person on 
the moon would weigh only about one- 
sixth as much as he does on the earth. 
An athlete on the moon could easily 
jump from 25 to 30 ft. high, but on the 
sun he would be unable to lift his foot- 


129. How is force measured? The 
spring balance is one of the most com- 
mon ways to measure force. It is an 
application of Hooke’s law. The pull 
of the earth upon one gram of mass 
suspended from the hook of the balance 
will stretch the spring a certain dis- 
tance. Two grams of mass will stretch 
the spring twice as far, and so on. The 
graduations are marked upon the face 
of the balance, which is independent 
of the spring. A pointer attached to the 
spring indicates the reading. (See Fig. 
144.) In the use of the beam balance 
for measuring forces, the pull of the 
earth upon the object placed upon one 
pan of the balance is counterpoised 
by weights of known magnitude placed 
upon the other pan. Some balances 


Divisions 
equidistant 
(Hooke’s law) 


Fig. 144. The spring balance may be used to 
measure force. 


Courtesy of Dayton C. Miller, 
Case School of Applied Science 


Fig. 145. The Rueprecht balance was con- 
structed especially for the Case School of 
Applied Science. Under a load of 1000 g., 
this balance is sensitive to 0.000,002 g. The 
balance may be counterpoised when two one- 
Ib. weights are placed side by side on one 
side of the balance. If one of the weights is 
then placed on top of the other, thus removing 
it slightly farther from the center of gravity of 
the earth, the balance is sensitive enough to 
show a reduction in weight. 


of this type are exceedingly sensitive. 
(See Fig. 145.) In assaying gold ores 
it is necessary to use very sensitive 
balances. In the chemical laboratory, 
micro-balances are used to weigh mi- 
nute quantities of material. Much at- 
tention is given to micro-analysis, in 
which the chemist must determine the 
amount of poison or other chemical, 
even when present only in traces. 
130. What are the units of force? 
It is important at this point to con- 
sider the units of mass and of force, and 
to learn the connections between them. 
In the metric system, the units of 
mass are the gram and the kilogram. 
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If we consider the gram our basic unit 
of mass, the corresponding unit of 
force is the dyne. One dyne acting for 
one second upon one gram of mass im- 
parts to it a velocity of one centimeter per 
second. The kilogram is also often used 
as a basic unit of mass. The corre- 
sponding unit of force is the newton. 
One newton acting for one second upon 
one kilogram of mass imparts lo it a 
velocity of one meter per second. One 
newton equals 100,000 dynes. 

Sometimes the attraction of the 
earth for a mass of one gram or of one 
kilogram, that is, the weight of one 
gram or of one kilogram, is used as a 
unit of force. These should not be 
called a gram of force or a kilogram 
of force, however, since the gram and 
the kilogram are units of mass. They 
may be called a gram-weight of force, 
or a kilogram-weight of force. An illus- 
tration will make the point clearer. A 
gram-weight of force is the pull which 
the earth exerts upon one gram of 
mass. The gram of mass never varies 
with location, but the gram-weight of 
force will. The earth’s pull upon one 
gram of mass is greater at the poles 
than it is at the equator; it is more in 
a valley than upon a mountain top. 
Thus a gram-weight of force varies 
with location. The same thing is true 
of the kilogram-weight of force. 

In the English system, or more spe- 
cifically, the British Engineering sys- 
tem, the pound is a unit of force. One 
pound of force acting for one second 
upon one unit of mass imparts to it a 
velocity of one foot per second. The unit 
of mass here is often called the slug. 

You should be careful to note’ that 
in the metric system, the unit of force is 
defined in terms of the unit of mass. In 
the English system, the unit of mass is 
defined in terms of the unit of force. 
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2. Composition of Forces 


131. How do we represent forces? 
Since a force has magnitude, direction, 
and a point of application, we may use 
a special kind of arrow, called a vec- 
lor, to represent the force. As an illus- 
tration, suppose we draw the vector 
representing a force of 10 lb. acting 
in an easterly direction upon the point 
P. We may use a straight line ten units 
long, drawn in an easterly direction 
from the point P. (See Fig. 146.) Any 
convenient unit may be selected, but 
it is necessary to use the same unit 
if several forces are represented on the 
same diagram. We may let 4 in. repre- 
sent 1 1b., or 1 mm. represent 1 lb., or 
any other scale we wish. The choice of 
the unit will depend upon the amount 
of space available for the diagram. 


ee a A E 


Fig. 146. A vector is used to represent a force. 


In Fig. 147, we have two forces rep- 
resented; one force of 15 lb. acts in a 
westerly direction upon the point P; the 
other, a force of 20 lb., acts in a south- 
erly direction upon the same point. 

132. What is a resultant? Quite 
often two or more forces act simultane- 
ously upon the same point. Sometimes 
it is desirable to find the point of ap- 
plication, magnitude, and direction of 
a single force that could produce the 
same effect as all the forces acting to- 
gether. The resultant of two or more 
forces is that single force which could 
product the same effect as the two or 
more forces acting together. 

The resultant of two or more forces 
is really a substitule for those forces. 
When the football coach sends a substi- 
tute into the game, he removes one 


player from the field. If we use the 
resultant or substitute force, we assume 
that it takes the place of two or more 
forces. After we have found their re- 
sultant, the separate forces need no 
longer be considered. Unlike the foot- 
ball substitute, who does not always 
produce the same effect as the man 
displaced, the resultant force must pro- 
duce exactly the same effect as all the 
forces for which it is substituted. 

133. What is the resultant of 
forces acting in a straight line? If 
we have one boy pulling on a rope with 
a force of 40 Ib., and another boy joins 
him and pulls in the same direction 
with a force of 60 lb., the resultant in 
this case is equal to the sum of the two 
forces. If the boys stopped pulling, one 
man taking their place could produce 
the same effect by pulling in the same 
direction with a force of 100 lb. 

Tf one boy pulls in one direction with 
a force of 40 1b., and another boy pulls 
in the opposite direction with a force 


P 


15 Ib. westerly 


20 Ib. southerly 


Fig. 147. Representation of two forces acting 
at an angle. 
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of 60 lb., then the resultant is the 
difference between the two forces. In this 
case a force of 20 lb. pulling in the di- 
rection of the greater force would pro- 
duce the same effect. 

134. How do we calculate the re- 
sultant of forces acting at right 
angles? Suppose that one force of 10 
Ib. acts in an easterly direction upon 
an object at point A, Fig. 148, and an- 
other force of 15 Ib. acts in a southerly 
direction upon the same point. Let us 
first plot the two forces. It is obvious 
that the first force acting alone tends to 
move the object along AB to B. The 
second force acting alone tends to move 
the object along AC to C. If the two 
forces acted successively upon the ob- 
ject it would arrive at point D; if they 
act simultaneously, it would also arrive 
at point D, but its line of motion would 
be along the diagonal of the parallelo- 
gram of which the two forces are sides. 
The resultant of two forces acting at an 
angle upon a given point is equal to the 
diagonal of a parallelogram of which the 
two forces are sides. In this case the 
parallelogram of forces is a rectangle, 
and we can easily calculate the value of 
the resultant. The diagonal divides the 
rectangle into two right triangles. The 


10 Ib. 
A 


Easterly 


151b. 


c 


Fig. 148. Parallelogram of forces. 
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square of the hypotenuse of a right tri- 
angle equals the sum of the squares 
of the two sides. In our example, 
v (10)? + (15)? = 18 + 1b. 

x135. How do we calculate the 
resultant of forces acting at any 
angle? It more often happens that the 
angle between two forces acting upon 
the same point is not a right angle. In 
Fig. 149, we have represented forces of 
10 lb. and 15 lb. respectively, acting 
upon the point A. In this case the angle 
between the two forces is only 50°. 
Unless the student knows trigonom- 
etry, he cannot calculate the resultant 
of these two forces acting at this angle. 
To find the approximate value of the 
resultant, we draw a parallelogram, 
using the two forces AB and AC as 
sides. We must make the angle between 
them 50°, From the point A we draw 
a diagonal and measure it carefully. 
From the length of the diagonal, we 
find the equivalent of the resultant 
force in pounds. 

We find that the resuitant is de- 
cidedly different if we use the same 
two forces, but make the angle between 
them 140°. The parallelogram is con- 
structed in the same manner, using the 
forces as sides, and making the angle 
between them 140°. (See Fig. 150.) Of 
course the diagonal must be drawn 
from A. The resultant could never 
produce the same effect as the two 


p 
Fig. 149, Resultant of two forces acting at an 
acute angle. a 
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forces acting at A if it were applied at 
B. Beginners sometimes make the mis- 
take of drawing the wrong diagonal 
as the resultant. The diagonal is meas- 
ared and its value determined as be- 
fore. 

Sometimes three or more forces act 
at different angles upon the same point. 
It is possible to find their resultant by 
finding first the resultant of two of 
them, using them as sides of a parallel- 
ogram, and finding the diagonal. Then 
we can construct another parallelo- 
gram, using as sides the third force and 
the diagonal of the first parallelogram. 
The diagonal of the second parallelo- 
gram is the resultant of the three con- 
current forces. 

136. What is the equilibrant? 
Sometimes it is desirable to find the 
point of application, magnitude, and 
direction of a force which could be 
applied to produce equilibrium, or to 
prevent motion. A boy pulls on a wagon 
with a force of 40 lb. A second boy pulls 
on the wagon with a force of 40 lb. in 
exactly the opposite direction. He pre- 


10 Ib. force 


B 


Fig. 150. Resultant of two forces acting at an 
obtuse angle, 
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vents motion, or produces equilibrium. 
The force he uses is called the equili- 
brant. 

It is quite easy to find the equili- 
brant of two or more forces acting upon 
a point. We must first find their result- 
ant and then apply the equilibrant in 
an opposite direction. In Fig. 148 we 
found that a single force, 18 + lb., can 
be substituted for the two forces AB 
and AQ. By removing the two forces, 
and leaving their resultant AD, we 
find that the equilibrant force repre- 
sented by AE must be applied at the 
same point A, its direction must be 
directly opposite to that of the resultant, 
and ils magnitude must be equal to the 
magnitude of the resultant. (See Fig. 
151.) Hence we conclude that the 
equilibrant of two or more forces is 
always equal and opposite to their re- 
sultant. 


D 
Fig. 151. The equilibrant prevents motion. 


3. Resolution of Forces 


137. What is the resolution of 
forces? We have just learned how to 
find a single force that could produce 
the same effect as two component forces. 
When the forces acted at an angle, our 


problem became one of a simple con- 
struction in geometry: given the two 
sides and the included angle of a paral- 
Jelogram, to construct the parallelo- 
gram and draw its diagonal. 
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Now if we have given the resultant 
of two forces acting at an angle, one 
of the forces, and the angle included 
between that force and the resultant, 
we should be able to find the value of 
the other force. Our problem in this 
example of resolution of forces is the 
converse of that in composition of 
forces. We have given the diagonal of a 
parallelogram, one of the sides, and the 
angle between that side and the diago- 
nal. The problem is to construct the 
parallelogram and find the other side. 


Prose. Two forces act upon the point 
A; one force of 8 Jb. acts in a southerly 
direction; an unknown force acting at an 
angle with the 8-lb. force produces the 
same effect as a single forge of 10 lb., 
acting in a direction 37° East of South. 
Find the magnitude and direction of the 
unknown force. 

Solution. Construct a parallelogram, us- 
ing for one side the 8-lb. force, AB, act- 
ing southerly. (See Fig. 152.) Using a pro- 
tractor, measure off an angle of 37°, East 
of South, and draw a line AC to represent 
the resultant force, 10 lb. Use this resultant 
force as the diagonal of a parallelogram and 
construct the parallelogram. The side AD 
of the parallelogram is the unknown force. 


*138. How is the force of gravity 
resolyed? Inclined Plane. It quite often 
happens that a force acts upon an ob- 
ject in a direction in which the object 
is not free to move. Such a force may 
About 6 Ib. component 


A 


8 lb. component 


w 


Evie eae horizontal component of the 
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be resolved into two components. An 
object resting upon an inclined plane 
is acted upon by gravity with a force 
equal to its weight. (See Fig. 153.) 
The plane prevents the motion of the 
object in the direction OW, but this 
resultant force OW may be resolved 
into two components. One component, 
OD, acts perpendicular to the surface 
of the plane, and tends to break the 
plane. The other force, OR, acts paral- 
lel to the plane, tending to pull the 
object down the plane. 

Upon the diagonal OW, we may con- 
struct the parallelogram ORWD, and 
find the relative values of the sides OR 
and OD by plotting to scale. In this 
special case, we can calculate these 
values if the height and length of the 
plane are known. The triangles ABC 
and WOR are similar. (The sides are 
mutually parallel or perpendicular.) 
Hence OW:0R = AB:BC. But OW 
represents the weight or resistance, 
R, of the object; OR, the force or effort, 
E, tending to pull the object down 
the plane; AB, the length of the plane; 
and BC, the height of the plane. Hence, 
the resistance bears the same relation 
to the effort that the length of the 
plane does to its height, or, 

Ree = (2h. 


In the same manner it may be shown 
that the force tending to break the 
plane bears the same ratio to its 
weight that the base of the plane does 
to its length. 


Fig. 153. Resolving a vertical force into its 
components. 
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Height 


Fig. 154. Component parallel to plane increases 
as we make the plane steeper. 


Making the plane steeper increases 
the force OR in proportion to the 
weight and decreases the force OD. 
(See Fig. 154.) The force OE, which is 
equal and opposite to OR, represents 
the effort needed to keep the object 
from sliding down the plane. The 
steeper the plane, the greater this 
force becomes. 

x139. There are other applica- 
tions of resolution of forces. When 
one pushes a lawn mower, he wishes the 
mower to move along the surface of 
the ground, but he pushes at an angle 
to the ground because jt is more con- 
venient, The force that he applies, Fig. 
155, is resolved into two components. 
One component pushes the mower for- 
ward parallel with the lawn; the other 
acts perpendicularly and it tends to 
push the mower into the ground. Sup- 
pose that one pushes with a force of 
80 Ib. at the angle shown in the fig- 


80 Ib. of force applied to the 
handle is transmitted to 
the axle, where it is resolved 
into two components 


Horizontal 
component A> 


Fig. 155, The force applied to th 


ure. By constructing a parallelogram 
to scale, we find that the horizontal 
component is about 74 lb.; the vertical 
component, which tends to push the 
mower into the ground, is approxi- 
mately 31 lb. 

When a boy pulls a loaded sled, the 
force which he exerts is resolved into 
two components. The horizontal com- 
ponent draws the sled forward; the 
vertical component tends to lift the 
sled vertically. 

When a sailboat is moving with the 
wind, the full force of the wind drives 
the boat forward. When the boat is 
moving at an angle with the direction 
of the wind, part of the force of the 
wind drives the boat forward, and the 
other component tips the boat. (See 
Fig. 156.) 

In the case of the guy wire on a tele- 
phone pole, one component tends to 
pull the pole into the ground, and the 
other acts horizontally. When a switch 
engine on one track pushes a freight 
car on a parallel track, the thrust force 
is resolved into two components, One 
component moves the car along the 
track, while the other component tends 
to spread the rails apart. (See Fig. 157.) 
In the builder’s crane or in the power 
shovel, the boom must be stiff enough 
to resist by a thrust force the combined 
effect of the weight on the rope or chain 


e handle of the mower is resolved into two components. 


NG aa 
Fig. 156. The wind acts against the sails and 
is resolved into two components. 


and the tie force. If the thrust force and 
the weight are known, the value of the 
tie force may be found. (See Fig. 158.) 
In a house or barn, the weight of the 
roof acts downward and outward upon 
the walls of the house. By reference to 
Fig. 159, we can see how the weight of 
the roof is resolved into the two com- 
ponents. To support a weight OW ap- 
plied at O, the combined upward 
thrusts OM and OS of the rafters must 
produce a resultant force equal to OR. 

140. The airplane becomes a real- 
ity. For centuries men have dreamed of 
flying. Within the memory of the pres- 
ent generation those dreams have come 
true. At first men tried the use of 
gliders. But in December, 1903, Orville 
Wright made the first flight in a power- 
driven airplane at Kitty Hawk, North 


Component AC tends to 
spread the rails 


Component AD tends to 
push car forward 


Fig. 157. The force AB is resolved into two 
components, 
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Fig. 158. How forces are resolved in a power 
shovel. 


Carolina. (See Fig. 160.) Since that 
time, great progress has been made in 
the science of aviation. Man has flown 
to a height of almost 14 miles. Our 
airlines fly billions of passenger miles 
yearly at speeds of 200 to more than 
300 miles per hour, carrying 50 or 
more passengers per plane. Airplanes 
are often used to spray crops with DDT 
to kill insect pests, and to range for- 
ests so that fires may be spotted and 
quickly controlled. Military planes 
attain speeds of more than 500 miles 
per hour, while jet-propelled planes 
exceed the speed of sound, about 700 
miles per hour. 

New materials have been developed, 
and also new processes of construction, 


The weight of the 
roof produces a force 
whose component 
AB tends to spread 
the walls. 

The component AC 
acts downward. 


Fig. 159. The weight of the roof pushes down- 
ward and also tends to spread the walls. 


Courtesy of the Bettman Archive 


Fig. 160. The Wright brothers began their experiments in aéronautics by the use of gliders, Thus 
they gained experience and skill in manipulation. By placing a rudder in the front part of the plane, 
they were the better able to study wind effects. Then they were ready for the attachment of the 
gasoline motor. The first flight with a power-driven airplane was made at Kitty Hawk, North Carolina, 
December 17, 1903. Orville Wright was in the plane and his brother Wilbur, on the ground. Of 
four flights made that moming, the longest was 59 sec. and the distance 852 ft. After five years of 
further experimentation, they submitted to the Signal Corps of the United States Army a biplane 
with two propellers, driven by a 95-horsepower engine. One flight lasted one and one-quarter 
hours at an estimated speed of 40 miles per hour. 
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until the airplane is now made largely 
of low-density aluminum alloys. To- 
day commercial airlines will take you 
almost anywhere in the world. Daily 
flights are made from New York to 
London, with connections for Paris, 
Rome, Cairo, and India. Several times 
weekly planes wing their way toward 
Alaska and the Orient on the great 
circle route. Clippers span the Pacific 
Ocean to Hawaii, the Philippines, and 
China. Milton Reynolds, in his twin- 
engined Bombshell, took off from New 
York City with a crew of two men on 
April 12, 1947, for an eastward round- 
the-world flight of about 20,000 miles. 
The flying time was about 79 hours. 
(See Fig. 163.) A westward around- 
the-globe head-wind flight of 24,859 
miles was completed in 96 hours, 50 
minutes, by Colonel J oseph Holzapple 
in 1945. 


Airplanes are driven by light, high- 


Press Association, Inc. 


Fig. 163. The airplane in which Milton Reynolds made his famous round-the-world flight. 


powered gasoline engines. Some of 
these engines develop more than one 
horsepower for every pound of their 
weight. Most airplane engines are of 
the radial type, which means that 
the cylinders are arranged in a circle 
around the main propeller shaft. Fig. 
164 shows an eighteen-cylinder radial- 
type airplane engine, capable of pro- 
ducing 2500 hp. The new experimen- 
tal planes which fly at supersonic 
speeds are powered by jet engines. 
Since airplanes are heavier than air, 
they cannot rise vertically. Hence they 
must be fitted with wheels to permit 
them to run along the ground until 
they acquire sufficient speed to enable 
them to rise. Hydroplanes, or seaplanes, 
are fitted with boat-shaped pontoons 
designed to enable them to “take off 
from the water, or to alight upon it. 
141. How is an airplane sup- 
ported? Since airplanes are heavier 
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Courtesy of the Wright Aeronautical Corporation 


Fig. 164. A 2500-horsepower Wright Cyclone engine used on modern airplanes. 


than air, they must be partially sup- 


ported by the upward component of 


some force. The wing, or airfoil, has its 
front edge slightly higher than the rear 
edge. (See Fig. 165.) In normal flight, 
the angle amounts to only a few de- 
grees, varying from 3 to 6. As theplane 
is pulled or pushed forward by the 
thrust force of the propeller, a relative 
wind is produced. This has the same 
effect as that of a wind blowing against 
the airplane. In Fig. 165 the arrows 
show the direction of the relative wind. 


Thus the air exerts a pressure, CS, 
acting nearly at right angles to the 
plane. This air force is resolved into 
two components, one acting vertically, 
and represented by CF; the other 
component, CD, opposes the action 
of the propeller. This upward com- 
ponent is called lift, and the other 
component drag. To keep the air- 
plane in steady flight, the lift force must 
equal the weight of the plane, and the 
drag force must balance the thrust force. 

There is another factor which plays 
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an important part in supporting an 
airplane. As the plane moves forward, 
the air slides along the surfaces of the 
plane. But it moves much more rapidly 
over the upper surface of the plane; 
the angle made by the relative wind 
against the under surface somewhat 
retards the movement of the air. Just 
as the wind blowing across the top of 
a chimney drags air molecules along 
with it and reduces the pressure of 
the air in the chimney, so the rapidly 
moving air reduces the air pressure 
above the plane. Since the air pressure 
against the lower surface of the plane 
is greater than that above, the differ- 
ence in these pressures helps support 
the plane. This is really an application 
of a principle stated by Bernoulli. 
The high velocity of the fluid moving past 
the upper surface produces low pressure 
against that surface. (See Fig. 166.) 
(Refer to Part 2, Chapter 29.) 

142. Other applications of the 
Bernoulli effect. a. Baseball curves. 
A baseball which is not spinning may 
travel in a straight line. But any boy 
knows that a spinning ball will move 
along a curved path. If we refer to 
Fig. 167, we find that the explanation 
is quite simple. The ball, spinning in a 
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Fig. 166. The unbalanced pressure helps to 
support the airfoil, or plane. 
counter-clockwise direction, drags the 
adjacent air around with it, as repre- 
sented by the dotted circles. At the top 
of the ball this air is moving with the 
air current set up by the forward mo- 
tion of the ball, and at the bottom it is 
moving against these currents. The air 
at the top moves faster and the pres- 
sure there is reduced. Thus the ball will 
move along the path shown by the 
dotted curve. 

When a tennis player hits the ball a 
glancing blow, he imparts to it’a spin- 
ning motion. Then it travels along a 
curved path, and it takes a peculiar 
bound. A “sliced” or “hooked” golf 
ball is also an application of Bernoulli’s 
principle. 

b. The Venturi meter. A meter which 
may be used to measure the flow of 
water depends upon Bernoulli's prin- 
ciple. When water flows through the 
tube of Fig. 168, its velocity is in- 
creased as it flows through the con- 
stricted portion of the tube. From the 
pressure tubes, one can see that the 
pressure decreases as the velocity of 
the water increases. It is possible to 
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Fig. 167. The curving baseball is an application 
of the Bernoulli principle. 
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Pressure 


Higher 
pressure 


Higher 
pressure 


water flows more rapidly 
through the constriction in the tube, the pressure 
is lowered. 


calculate, from the difference in pres- 
sure in the vertical tubes, the velocity 
of the water in the horizontal tube. 
Such tubes can be used to measure the 
velocity of gases, too. The Venturi 
tube finds use in the carburetor of a 
gas engine. The tube around the gas 
jet is constricted to increase air veloc- 
ity and accelerate evaporation. 


QUESTIONS 


1. How will the mass of an object on the 
earth compare with its mass on the moon? 
With its mass on Jupiter, the largest planet? 

2. How will the weight of an object on 
the earth compare with its weight on the 
moon? With its weight on Jupiter? 

3. Suppose it were possible to bore a hole 
through the center of the earth out to the 
other side. Ifa ball is dropped into the hole, 
where will it finally come to rest? Why did 
it not stop there the first time it went 
through? 

4. In fiction stories about rocket trips 
to the moon, the passengers have been 
equipped with magnetic shoes. These shoes 
are attracted to the steel walls of the 
rocket ship, enabling persons to stand, up- 
right. Why would such shoes be desirable? 
What would happen without them on this 
fanciful trip to the moon? 

5. Does a spring balance measure weight 
or mass? Does a platform balance measure 
weight or mass? How are both affected by 
being taken from the equator to the North 
Pole? 

6. In chinning yourself on a horizontal 
bar, how far apart should your hands be 
to make it easiest for you to pull yourself 
up? Explain. 3 

7. Explain why a 24b. weight will 
stretch a spring balance twice as far as a 
1-lb. weight. 


8. When you pull a wagon or a sled, how 
does the force required differ from that 
needed to push it horizontally over the 

und? 

9. Why does it help to lower the handle 
of a lawn mower when mowing heavy, 
thick grass? Use a diagram in making your 
explanation. 

10. Why is it easier to roll a heavy safe 
up an inclined plane, than it would be to 
lift it vertically to the same height? 

11, Cut a sheet of paper about 2 in. 
square. Stick a pin through the center of 
the paper and place it on one end of a 
spool, as shown in Fig. 169. Why is it im- 
possible for you to blow the paper away 
by blowing through the spool? 


Blow here 


Cardboard 
Fig. 169. Bernoulli effect. 


PROBLEMS 
Group A 


1. Six boys are playing tug-of-war. On 
Frank’s side they exert a combined force of 
190 1b., while on George’s side, the boys 
pull with a total force of 200 Ib. Which side 
won? What was the resultant force? 


2. The force of gravity on the moon is 
about one-sixth that on the earth. If aman 
weighs 150 lb. on the earth, what will be his 


weight on the moon? ! 
3, John pushes eastward against a 
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boulder with a force of 60 lb. Henry, push- 
ing in the same direction as John, exerts 
50 Ib. of force. What is the resultant of 
these two forces? In which direction does it 
operate? ‘ 

4. Two forces are acting upon a point. 
One acts upon it in a northerly direction 
with a force of 50 Ib., while the other acts 
upon it in an easterly direction with a 
force of 30 Ib. Represent these forces 
graphically, and from your diagram, find 
the value of the resultant. 

5. Graphically find the resultant of two 
forces acting upon the same point, if one 
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force of 15 lb. acts westerly, and another 
of 20 Ib. acts southerly. Calculate the re- 
sultant. How do the two answers compare) 

6. What is the equilibrant force for two 
separate forces of 5 lb. and 12 1b., if the 
angle between the forces is 90°) 

7. A force of 40 lb. acts in a westerly 
direction upon point P. A force of 30 lb. 
acts upon the same point in a northerly 
direction. Represent these forces graphi- 
cally, and find the value of the resultant 
from your diagram. What is the value of 
the equilibrant? In which direction does 
it operate? 


Group B 


8. If a rocket ship weighing 100 tons on 
the earth reached a height of 2000 miles 
above the earth, what would be its weight 
at that altitude? 

9. A man pushes with a force of 50 1b. 
against the handle of a lawn mower. If the 
handle makes an angle of 30° with the level 
of the ground, find both the horizontal and 
the vertical components of the 50-lb. force. 

10. A crate weighing 200 lb. is placed on 
an inclined plane 10 ft. long and 4 ft. high, 
What force is tending to make the crate 
slide down the plane? 

11. The angle between the sail and the 
fore-aft direction of a sailboat is 30°. If the 
wind pushes with a force of 1000 lb. against 
the sail, what force tends to drive the boat 
forward? What force tends to tip it over? 
(See Fig. 156.) 

12. In trigonometry the sine of an acute 
angle in a right triangle is defined as the 
ratio of the length of the side opposite the 
angle to the length of the hypotenuse. (See 


Table 12, Appendix B.) If two forces, one of 
25 lb., the other of 35 1b., are acting at right 
angles to each other, calculate the value of 
the resultant, and also calculate the angle 
between the 35-lb. force and the resultant. 

13. Refer to Fig. 170. A weight of 250 lb. 
is supported by a rope. If the rope is drawn 
aside along BC by a force of 100 lb., find the 
tension on the rope. 


Horizontal 
force 


Fig. 170, Component of a force. 


4. Parallel Forces 


143. What are parallel forces? 
Two boys carry a load on a stick be- 
tween them. Both boys push up at 
different points on the stick but the 
load itself acts as a force in the Oppo- 
site direction. Parallel forces act in the 


same or opposile directions. The result- 
ant of two parallel forces in the same 
direction is equal to their sum. Two 
horses pulling a loaded wagon furnish 
another example of parallel forces. 
The piers, or abutments, of a bridge 
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both push up on opposite ends of the 
bridge, furnishing us with another 
example of parallel forces. 

144. What is the moment of a 
force? Before we can understand how 
a load is distributed between two 
parallel forces, we must define moment 
of a force, or what is called torque. 
Suppose that we have a rigid bar, AB, 
upon the ends of which two parallel 
forces, F and F’, are acting. The bar 
can turn about the fixed point, C, 
which we shall use as the center of mo- 
menis. The force F is really attempting 
to turn the bar AB about Cina clock- 
wise direction, but the force F tends to 
pull the bar around C in a counter- 
clockwise direction. How effective is 
each force? It can be shown by experi- 
ment that the effectiveness of any force 
in producing rotation, the moment of 
the force, or its torque, depends on: 
1. The magnitude of the force; 2. The 
lengih of the arm upon which it acts. 
Hence, the moment of a force is equal to 
the product of the force times the length of 
the arm upon which it acts. For example, 
aforce F of 20 lb., acting upon the arm 
4 ft. long, has a clockwise moment 
of 80. The force F' of 40 Ib. acting 
upon the arm 2 ft. long has a coun- 
ter-clockwise moment of 80. (See Fig. 
171.) 

Tf the force F is not applied perpen 
dicularly to the bar AB, as shown in 
Fig. 172, then the length of the arm 
upon which the force acts is not CB, 
but it is equal to the perpendicular 
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Fig. 171. Parallel forces. 
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Fig. 172. The force acts at an acute angle. 


distance d from the line of direction of 
the force to the center of moments. 
The moment in such a case is equal to 
the product of the force F times the 
distance d. 

145. How do we use the principle 
of moments? If two horses are pull- 
ing a loaded wagon and the hole in the 
doubletrees or evener upon which they 
pull is bored in the middle, then each 
horse must pull with the same force to 
move the load. If one horse is much 
stronger than the other, we make him 
pull more than 50% of the load by 
poring the hole in the doubletrees an 
inch or two from the center, and hitch- 
ing the stronger horse to the shorter 
end of the doubletrees. 

Two boys carry a load on a stick 
between them. (See Fig. 173.) The stick 
is 8 ft. long. The Toad, which weighs 
160 lb., is placed 3 ft. from the boy at 
A, and 5 ft. from the boy at B. Let us 
inquire what part of the load each boy 
carries. To find the upward force the 
boy at A must use, let us consider that 
the hand of the boy at B acts as a 
center of moments. A is pulling up- 


100 Ib. 60 Ib. 


160 Ib. 


Fig. 173. How a load is apportioned between 
parallel forces. 
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ward (clockwise) upon an arm 8 ft. 
long. Let equal the force he exerts. 
Then the clockwise moment equals 82. 
But the load W is pulling downward 
(counter-clockwise) with a force of 
160 lb. upon an arm 5 ft. long. Its mo- 
ment is 5 X 160, or 800. If the bar is in 
equilibrium, the two moments are 
equal. Then 8x = 800. And v, the force 
at A, is 100 lb. To find the force needed 
by the boy at B, we assume that the 
center of moments is at A. Then the 
upward force, z, at B acts counter- 
clockwise upon an arm 8 ft. long. The 
load, 160 lb., acts clockwise upon a 
3 ft. arm. The moments are 8z and 480 
respectively. Since 82 = 480, then 
x = 60, the force at B. In these cases 
the weight of the stick was not con- 
sidered. 

The ends of a bridge pushing down 
upon the piers or abutments furnish 
another example of parallel forces. The 
force acting downward upon each pier 
is the same as the force needed to lift 
the end of the bridge at that pier. 
The bridge AB shown in Fig. 174 is 100 
ft. long. A weight of 10,000 Ib. rests 
on the bridge 30 ft. from A. Neglect 
the weight of the bridge. Using B as 
the center of moments, the clockwise 
moment at A equals 100z; the coun- 
ter-clockwise moment of the weight on 
the bridge is 70 X 10,000, or 700,000. 
But these moments are equal. Hence, 
1002 = 700,000, and z = 7000 1b. The 
number of pounds supported by pier B 
is found in a similar manner, Using A 
as the center of moments, we find that 
100z = 30 x 10,000. Whencez = 3000 lb. 
If the weight of the bridge is distrib- 
uted uniformly along its length, then 
each pier will support an additional 
weight equal to half the weight of the 


bridge. This force always acts upon the 
piers of the bridge, 
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146. How can we find the equili- 
brant of two parallel forces? To pro- 
duce the same effect as two parallel 
forces, a single force or resuliant must 
be equal to the sum of the forces. It 
must act in the same direction and it 
must be applied at the center of mo- 
ments. 

It follows, then, that the equilibrant 
of two parallel forces must also be 
equal to their sum; it must be applied 
at the center of moments; and it must act 
in the opposite direction to the resultant. 
Then the algebraic sum of the equili- 
brant and the resultant is zero. Of 
course the algebraic sum of the clock- 
wise and counter-clockwise moments is 
also zero. 

If the two parallel forces act in an 
opposite direction, then they tend to 
produce rotation. They are acting asa 
couple. In such a case, it is impossible 
to find any single force which will act 
as an equilibrant and produce equilib- 
rium. Two hands applied to a steering 
wheel furnish an example. 

When you solve problems dealing 
with parallel forces exerted on a beam 
or pole which is pivoted and will rotate 
about a fixed position, it is generally 
easier to select the pivot point as the 
center of moments. When a beam 
or pole is not pivoted, any point on 
it may be used as a center of moments. 
It is usually easier to select one end 
or the other as the center of moments. 


Sometimes the center of gravity is 
used, 
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Fig. 174, Parallel piers support the bridge. 
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5. Center of Gravity and Equilibrium 


147. What is the center of grav- 
ity? As a stone lies upon the ground, 
Fig. 175, the earth attracts every parti- 
cle of it. All these downward forces 
which the earth exerts are parallel. 
Evidently the resultant of all these 
parallel forces is equal to their sum, 
which is the weight of the stone. The 
point of application of this resultant 
is called the center of gravity. The center 
of gravity of any object is that point 
at which all its weight appears to be 
concentrated. If we attach a string to a 
stone, at a point directly above the 
center of gravity, and pull upward, the 
stone can be lifted without any rota- 
tion. An object will balance on the 
point of a knife placed directly beneath 
its center of gravity. When we try to 
overturn the stone shown in the figure, 
the point B becomes the center of 
moments; A is the clockwise force act- 
ing upward, and the whole weight of 
the stone, concentrated at its center 
of gravity, acts counter-clockwise. If 
we consider AB as the arm upon which 
the effort acts, and C B as the arm upon 
which the weight acts, it is easy to 
understand why it is easier to overturn 
a stone than it is to lift it. 
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Fig. 175. All the weight appears to be con- 
centrated at the center of gravity. 


*148. How can one find the cen- 
ter of gravity? If we suspend a weight 
by means of a small cord, the line along 
which it will come to rest will, if pro- 
duced downward, pass through the 
center of gravity of the earth. Such a 
weight and cord form a plumb line. If 
we wish to find experimentally the 
center of gravity of an irregular object, 
such as that shown in Fig. 176, we first 
suspend it from the point P in such a 
manner that it may turn freely about 
the point of suspension. The object 
will swing about this point and come 
torest with its center of gravity directly 
below the point of support. Now if we 
drop a plumb line from the same point 
of support, the center of gravity of the 
object will coincide with some point 
in the plumb line. A line drawn along 
the plumb line must pass through this 
point. Next let us suspend the object 
from the point B and again draw a line 
in the direction indicated by the plumb 
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Fig. 176. How to find center of gravity ex- 
perimentally. 
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line. For verification, we may repeat 
the operation, this time suspending the 
object from the point C. Each of these 
lines passes through the center of 
gravity. Therefore the center of gravity 
of the object lies at the point of inter- 
section of these lines. In his work in 
mechanics, the student will find it very 
convenient to consider that an object 
behaves as if all its weight were concen- 
iraled at its center of gravity. 

149. How is equilibrium secured? 
A book lying on a table pushes down 
upon the table with a force equal to its 
weight. The table must push upward 
with an equal force if the book remains 
in equilibrium. In order to keep the 
book or any other object in equilibrium, 
there must be no unbalanced force act- 
ing upon it. A push from one side must 
be balanced by an equal push from the 
opposite side. An object is said to be in 
equilibrium when no unbalanced force 
acts upon it. In other words, the result- 
anl of all the forces acting upon it is zero. 

To secure equilibrium, two kinds of 
motion must be prevented: translatory, 
or motion along a line; and rotary, or 
motion about a point acting as a pivot. 
Suppose that we have two parallel 
forces, D and Æ, of 80 and 120 Ib. re- 
spectively, acting upon a bar at points 
A and B, Fig. 177. A force of 200 lb. 
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Fig. 178. The force at X produces equilibrium. 


applied in the opposite direction at 0 
will prevent translatory motion, but 
it will not prevent rotary motion. Ro- 
tary motion may be prevented if the 
force of 200 lb. is applied at the center 
of moments, z, Fig. 178. Suppose the 
bar is 20 ft. long; then the equilibrant 
must be applied at a point 8 ft. from 
B, the greater force. The lengths of 
the arms upon which the two forces 
act are inversely proportional to the 
magnitude of the forces. 


Prostem. A bar 30 ft. long is pivoted so 
that it is free to rotate about the point C, 
Fig. 179, At A, 6 ft. from C, a force of 400 bb. 
acts downward; at, B, a force of 50 lb. acts 
downward; at D, 10 ft. from C, there is a 
downward force of 100 Ib.; at Æ, 4 ft. from 
B, a force of 80 Ib. acts upward; and at F, 
2 ft. from A, a force of 250 Ib. acts upward. 
Neglecting the weight of the bar, where 
must a force of 200 Ib. be placed to secure 
nae and in what direction must it 
act 

Solution. The forces B, D, and F act 
clockwise; their distances from C (all dis- 


250 Ib. 


80 Ib. 


400b. 1001b. 501b, 


Fig. 179. The bar is in equilibrium when the 
algebraic sum of all the moments is zero. 
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tances must be measured from the center of 
moments) are 24, 10, and 4 ft. respectively. 
The forces A and E act counter-clockwise; 
their distances from C are 6 and 20 ft. re- 
spectively. We solve the problem by finding 
the difference between the sums of the clock- 
wise and counter-clockwise moments. Then 
wemay let « equal the distance that a200-b. 
force must be placed from C to produce 
equilibrium. Its moment, 200x, must equal 
the difference. 


Clockwise moments 
24 x 50 = 1200 
10 x 100 = 1000 
4 x 250 = 1000 
sum = 3200 
Counter-clockwise moments 
6 x 400 = 2400 
20 x 80 = 1600 
sum = 4000 
- 3200 
difference = 800 
Since 2002 = 800, then v = 4 ft., the 
distance from C the 200-lb. force must be 
placed. Since the counter-clockwise forces 
are greater, it must be used as a clockwise 
force. Hence, it may act downward 4 ft. to 
the right of C, or upward 4 ft. to the left 
of C. 


Any number of parallel forces are in 
equilibrium if the sums of the opposite 
forces are equal, and the sums of all the 
clockwise moments are equal to the sums 
of all the counter-clockwise moments. 

150. When is a body in stable 
equilibrium? If an object is in stable 
equilibrium, it cannot be overturned 


The brick lying on its | 
side must have its l 
center of gravity raised | 
a distance A E to turn i 
the brick on end. Ei 


without first raising its center of 
gravity. If slightly tipped, the object 
tends to return to its former position. 
The bricks shown in Fig. 180 are both 
in stable equilibrium, but their degree 
of stability differs. To overturn block 
(A) about the edge P, the center of 
gravity C must be raised to the point 
E. When the center of gravity passes 
beyond the vertical line EA, so that it 
falls outside the area included within 
the base, the brick will be overturned 
and fall to the position shown by the 
dotted lines. The same brick, standing 
on end, Fig. 180 B, is also in stable equi- 
librium, but it is not so hard to over- 
turn it as when it lies flat on its side. In 
the position shown in Fig. 180A, the 
center of gravity must be lifted the ver- 
tical distance EA before it can be over- 
turned; in the position shown in Fig. 
180B the center of gravity must be 
lifted from D to E before it can be 
overturned. EA is much greater than 
ED; hence the greater stability when 
the block lies on its side. The stability 
of an object may be increased by enlarg- 
ing the base and by having the center of 
gravity as low as possible. 

The base of support is represented 
roughly by the area inclosed by the 
perimeter drawn around the supporting 
members. The dotted lines of Fig. 181 
jnclose the area of the base. With a 


To turn the brick down 
on its side, the center 
of gravity C’ needs to be 
lifted only the short 
distance from Dto E 


se or lower its center of gravity. 


a N 


Fig. 181. Base of support. 


three-legged stool the base is triangu- 
lar; with an ordinary chair it is a rec- 
tangle. 

A boat loaded with freight sinks very 
low in the water; at the same time the 
center of gravity is lowered, increasing 
its stability. A load of stone is less 
likely to be upset than one of hay, 
since the center of gravity of a load of 
stone is lower. In Fig. 182 the loaded 
truck on the sloping road will upset 
when the load is high enough to have 
its center of gravity at C’. A plumb line 
let fall from C’ falls outside the wheel 
base. If the top of the load is removed, 


Fig. 182. The truck is stable when plumb line 
dropped from center of gravity falls within 
area described by base. 
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the center of gravity is made lower, 
A plumb line let fall from C falls within 
the area described by the wheel base, 
ahd the load is stable. 

151. When is a body in unstable 
equilibrium? An egg standing on its 
end is in unstable equilibrium. A per- 
son walking a tightrope is another 
example. As soon as the slightest dis- 
placement occurs in either case, the 
center of gravity falls outside a plumb 
line perpendicular to the point of sup- 
port; it begins to be lowered at once, 
and the object falls. In unstable equi- 
librium, the center of gravity is above 
the point of support. 

152. What is neutral equilibri- 
um? A ball lying on a table is in neu- 
tral equilibrium. A cylinder or a cone 
lying on its side, and a wheel free to 
turn upon its axle, are other examples 
of neutral equilibrium, Such objects 
come to rest in any position since the 
center of gravity is neither raised nor 
lowered when the object is overturned. 
(See Fig. 183.) 


Fig. 183. Types of equilibrium. 


Summary 


Force is a “push? or a “pull” 
motion. 


; it tends to produce, change, or check 


Gravitation is the attraction between masses. The force of attraction 


between two bodies is direct} 
masses and inversel 
their centers, 


The dyne and the newton are the metric units of fore 


‘tly proportional to the product of their 
y proportional to the square of the distance between 


e. The pound is 


a unit of force in the English system 
} i k i 
he resultant of two or more forces is that single force which could 
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the same effect as two or more forces acting together. The re- 


produce 
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sultant of forces acting in the same direction is their sum; the resultant 


of forces acting in opposite directions is their difference. 

The resultant of two concurring forces acting at an angle’is equal to 
the diagonal of the parallelogram of which the forces are adjacent sides. 
The equilibrant is that force which produces equilibrium; it is equal to 
the resultant and opposite in direction. 

A single force may be resolved into two or more components. In such 
acase, the single force is represented by the diagonal of a parallelogram 
of which the two components are sides. 

The center of gravity of a body is that point at which all its weight 


appears to be concentrated. 


‘An object is in equilibrium when the resultant of all the forces acting 
upon it is zero. The stability of an object is increased by broadening its 
base and by lowering its center of gravity. 


How many of the following terms can you define or explain? 


Galileo Resultant Center of gravity 
Newton Equilibrant Equilibrium 
Force Bernoulli’s principle Composition of forces 
Gravitation Venturi meter Resolution of forces 
Law of gravitation Moment of a force Stability 
Units of force Center of moments Unstable equilibrium 
Dyne Clockwise Neutral equilibrium 
Torque Counter-clockwise Slug 
QUESTIONS 
1. Why does the entire weight of an 7. What is the function of the heavy keel 


object appear to be concentrated at its 
center of gravity? 

2, How is a moment of force calculated) 
What is a resultant? An equilibrant? 

3. Explain the two possible adjust- 
ments which can be made so that boys of 
unequal weight may balance on a see-saw. 

4. When carrying bricks, a hod-carrier 
keeps the load close to his shoulder. Why? 

5. Why will the oil can in Fig. 184 right 
itself from the position in which it is shown? 

6. What conditions are necessary for 
equilibrium? 


Why will the can right itself? 


on a sailboat? 

8. How does the equilibrant of several 
parallel forces compare with the forces 
themselves? 

9. In building railroad passenger Cars, 
as much of the heavy mechanical equip- 
ment as possi Je is hung below the floor 
level. Will this increase the stability of the 
car? Why? 

10. Asa truck goes across a bridge, what 
forces must be supported by each of the 
two abutments? 

11. Two boys are carrying a load sus- 
pended from a stick between them. How 
the position of the load be adjusted 
so that the stronger ae in the lead, car- 
ies his proper share 
a ae eect vessels add ballast 
when carrying a light cargo- What is its 
purpose? Where would it be placed? 

13, What adjustment is there on a plat- 
form balance to produce e librium between 
the two pans before it is used for weighing? 


i 
Courtesy of the Studebaker Corporation 
h 

Fig. 185. Observe the high center of gravity of this obsolete model of 1904. The owner of suc 


i i e 
a car had no trouble in getting under his car to grease it or to make repairs. Ruts in the roads wer 
often very deep, but there was plenty of room for road clearance. 


Courtesy of the Studebaker Corporation 


Fig. 186. The underslung chassis of a recent model lo 
stability. Passengers have a much wider field of vision tl 
automobile industry is constantly striving to produce beti 


wers the center of gravity and promotes 


han in earlier models of closed cars. The 
ter and safer cars, 
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14. In Figs. 185 and 186 are shown an 
early model and a modern automobile. 
Compare the two. How does the under- 
slung chassis affect the stability of the car? 


15. What type of equilibrium is exempli- 
fied by a person (a) standing in a canoe; 
(b) lying in the bottom of canoe? (See 
Fig. 187.) 


i 
M /The meta- 


Center of f center 


gravity + | New cen- 


f- —Boat is on = 

Z —even keel. — 
/ = Both the centers 
Z — — are on the same 


Sa EE 
Joa Wert lines 


thus raises the - 
center of gravity A / 
to point C’ the — — 7=— £ — of gravity is below M- 
boat will overturnz/2 -—7-7—" the boat will right itself = 
when tilted as shown ~_— Be rae pe 


-—When boat is- 
= tilted a little,- 
/— — a new center— 
£ — = =of buoyancy is: 
Z formed. If the center- 


Fig. 187. A canoe is not very stable. 


PROBLEMS 
Group A 


1. A uniform wooden beam weighs 200 Ib. 
If it is 12 ft. long, what force is needed to 
lift one end of it? 

2. A pole 15 ft. long is tapered so that 
the center of gravity is 5 ft. from one end. 
It weighs 300 Ib. What force is required to 
lift the heavy end? The light end? 

3. Harry and George are carrying a 
sack weighing 150 lb. on a pole between 
them. If the pole is 5 ft. long, and the load 
is 2 ft. from George, how much does each 
boy carry? (Neglect weight of pole.) 

4. A bridge is 100 ft. long. A car weighing 
2tonsis 40 ft. from one end. What fractional 


the 85-lb. boy sit? 
6. The doubletrees of Fig. 188 are 32 in. 
long. If a hole is bored 15 in. from one end, 


how many pounds does each horse pull, if 
hitched as shown in the figure to a load of 
640 Ib.? 

7. A bar 10 ft. long has a weight of 50 Ib. 
attached to one end, and a weight of 80 lb. 
attached to the other end. What is the 
value of the equilibrant? Where is it lo- 
cated? In which direction does it act? 
Neglect the weight of the bar. 

8. A bridge 25 ft. long, supported at 
each end by piers, weighs 10 tons. If a load 
of 5 tons is located 15 ft. from one end, 
what load does each pier support? 


Center of 
moments 


Singletree Singletree 


Fig. 188. The doubletrees furnish an example 
of parallel forces when used as an evener. 


Group B 


9. A bar 15 ft. long has its center of 
gravity 5 ft. from the heavy end. If it is 
placed on the edge of a block 5 ft. from the 
light end, and a weight of 100 Ib. added at 
the light end, it will be balanced. What is 


the weight of the par? Remember that its 
entire weight acts as if it were concentrated 


at the center of gravity. , 
10. A painter’s scaffold 10 ft. long is 


supported at each end by parallel ropes. 
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Center 
of gravity 


| Weight of pole 
| acts at center 
A of gravity 


Fig. 189. Weight of pole concentrated at C. of 
G. counterbalances the fish. 


If the scaffold weighs 150 1b., what is the 
tension on each rope? If a painter weighing 
185 lb. stands on the scaffold 4 ft. from one 
end, find the tension on the ropes. Suppose 
a second painter, whose weight is 165 1b., 
steps on the scaffold 2 ft. from the other 
end. What is the tension on each rope now? 

ll. A man has a fish pole 8 ft. long 
which weighs 20 oz. He finds by balancing 
it on the edge of a board that its center of 
gravity is 24 in. from the larger end. He 
catches a fish and then finds that the pole 
with the fish attached as in Fig. 189 now 
balances in the middle. Find the weight of 
the fish. « 

12. A uniform pole 25 ft. long weighs 


Ze EDUCATIO,, S 


Dept. of Extension 
SERVICE, 
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1000 Ib. From end A, a weight of 500 lb. 
is hung. At B, the other end of the pole, 
there is a weight of 700 lb. Two feet from 
B there is an upward force of 600 Ib. Four 
feet from A there is an upward force of 
800 lb. What is the value of the equilibrant) 
Where must it be applied? In what direc- 
tion does it act? 

13. A  paperhanger weighing 150 1b. 
stands in the center of a plank 8 ft, long. 
The plank weighs 30 Ib. It is supported at 
each end by stepladders which have an 
angle of 60° between each pair of legs. Cal- 
culate the force exerted by each of the four 
legs of each stepladder in supporting the 
plank and paperhanger. 

14. If the truck in Fig. 182 is parked on 
a road which slopes at a 15° angle, what 
is the maximum height of the center of 
gravity, if the truck is 8 ft. wide? If the 
truck, when loaded, is 12 ft. high, is it 
likely to tip over? (Hint: In trigonometry 
the tangent of an acute angle in a right 
triangle is defined as the ratio of the length 
of the side opposite the acute angle to the 
length of the side—not the hy potenuse— 
adjacent to it. See Table 12, Appendix B.) 


or 
Vv 


Unit Three 
Chapter 6 


1. Types of Motion 


153. What is motion? We may de- 
fine motion as a change of place or posi- 
lion. Both motion and rest are relative 
terms. A person may be riding an ex- 
press elevated train northbound from 
Chicago. He is in motion with respect 
to people standing on the station plat- 
forms, but he is at rest with respect to 
others riding on the same train. The 
motion of his train is relative to that of 
a local train going more slowly in the 
same direction. It is also relative to the 
motion of a southbound express or a 
southbound local. Observations on 
the earth are relative, too, because the 
earth is not fixed in space. We travel 
at speeds up to 1000 miles per hour 
as the earth rotates on its axis. Our 
speed is a little less than 70,000 miles 
per hour in the orbit of the earth 
around the sun, Einstein discovered 
the importance of relative motion when 
observations concerning the universe 
are made. (See Fig. 190.) 

If an object moves in a straight line, 
its motion is said to be rectilinear; if 
the object moves along a curved line, 
its motion is curvilinear. 

154, Velocity is defined as the 


rate of motion, The velocity of an ob- _ 


Motion 


Wide World 


Fig. 190. Albert Einstein (1879-  ) pro- 
posed the theory of relativity. He is considered 
one of the foremost mathematical physicists in 
the world. 


ject is the distance it moves in a given 
unit of time. It may be expressed in feet 
per second, miles per hour, kilometers 
per hour, etc. At a brisk walk we travel 
at a velocity of 5 or 6 ft. per sec., or 
about 4 mi. per hr. A sprinter runs 
at the rate of 30 ft. per sec.; a train 
runs at a velocity of 60 mi. per hr. or 


Vocabulary ja 


Vexocrry, rate of motion. 

AcceLeration, rate of change of velocity. 

Oscrtaron, a backward and forward mo- 
tion, or vibration. r 

Momentum, the mass times the velocity. 


Crnrrirucat, pulling or reacting from the 
center. 
CENTRIPETAL, 


center. ie: 
LUBRICANT, asubstance used to reduce friction. 


directed or pulled toward the 
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Courtesy of the Great Northern Railway 


Fig. 191. Streamlined trains encounter less air resistance and attain greater speeds with the same 


amount of power. 


88 ft. per see. A rifle bullet may havea 
velocity of 3000 ft. per sec. The word 
“speed” is almost synonymous with 
the term “velocity,” and they are often 
used interchangeably, although veloc- 
ity more properly applies to the rate of 
motion in a given direction, 

Motion is uniform when the velocity 
is constant, or when the distance a 
body moves is the same for each suc- 
ceeding unit of time. A car that main- 
lains a velocity of 30 mi. per hr. is an 
example of uniform motion. Tf a car 
travels 40 mi. the first hour, 20 mi. the 
second hour, and 30 mi. the third, its 
motion is variable. The distances it 
travels in equal periods of time are un- 
equal. 

155. What is acceleration? The 
word accelerator has grown more and 
more common with the increased use 
of the automobile. A man is driving at 
a velocity or speed of “30 miles per 
hour.” He presses the accelerator, and 
increases his Velocity to “40 miles per 
hour.” He has added fo his velocity “10 
miles per hour,” When a manufacturer 
advertises that his car will “ acceler- 
ate from 5 miles per hour to 25 miles 
per hour in 8 seconds,” he means that 


in 8 seconds 20 miles per hour can be 
added to the velocity of the car. That 
is an addition of 2.5 miles per hour 
per second. The change per second of 
the velocity is called acceleration. A 
body that moves 1 ft. the first second, 
3 ft. the next second, 5 ft. the third 
second, etc., furnishes an example of 
accelerated motion. In each second the 
velocity increases 2 ft. per sec., hence 
we say that the acceleration is 2 ft. 
per second per second. If a car moves 
l mi. per hr. the first second, 3 mil. 
per hr. the next second, and 5 mi. 
per hr. the third second, the increase 
in velocity for each second is 2 mi. per 
hr.; the acceleration is 2 mi. per hr. per 
second. Since in both of the examples 
given the acceleration is constant, the 
motion is uniformly accelerated. A 
body that moves 2 ft. the first second, 
5 ft. the next second, and 10 ft. the 
third second is also an example of ac- 
celerated motion, but the acceleration 
is nol uniform; it is variable. Since 
acceleration is the rate of change of 
a rate of speed, time enters into the 
units twice, as mi, per hr, per sec. 

In stopping, a vehicle may move 
Tft., 5ft., 3 ft., and 1 ft. in each of four 
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successive seconds. This is an example of 
negatively accelerated motion. It is also 
known as retarded or deceleraled motion. 
Since in each second 2 ft. per second 
are sublracled from its velocity, its mo- 
tion is uniformly retarded. 

It is possible, too, to have variably 
retarded motion. We have an example 
of such motion when a reckless or un- 
skilled driver rushes up to a red light 
and then stops with a screeching of 
brakes and tires. 

156. How can we find the velocity 
at any given time? It is of interest to 
inquire what would happen if the ac- 
celeration stopped at the end of any 
particular second. For example, a car 
in starting moves 5, 10, 15, and 20 ft. 
per sec. for four successive seconds. 
Then the operator takes his foot off the 
accelerator. What happens? If we neg- 
lect friction, the car continues to move 
on at the uniform velocity of 20 ft. per 
sec, In accelerated motion, where the 


YES Asc? 
Courtesy of Popular Science Monthly 


Fig. 199. The Leaning Tower at Pisa, Italy, 
was the scene of some of Galileo's famous 
experiments, 
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Fig. 193. Galileo Galilei (1564-1642) was 
an Italian physicist. At the age of eighteen, 
we find him observing the oscillations of a 
chandelier, and later formulating the laws of 
the pendulum. He gave us, too, the laws of 
accelerated motion and of falling bodies. He 
invented the practical telescope and con- 
structed the air thermometer. He was one of 
the greatest of the world's scientists. 

velocity varies each second the velocity 
at the end of any particular second is 
equal to the distance the body would move 
during the neat second, if at that instant 
it ceased to be accelerated. 

457. What are the laws of accel- 
erated motion? Aristotle taught that 
the rate of fall of bodies was propor- 
tional to their weights. He said that a 
bundle of two bricks would fall twice 
as fast as a single brick. He did not ex- 
periment, and this false idea persisted 
for centuries. But Galileo was an ex- 
perimenter. He dropped from the top of 
the Leaning Tower at Pisa objects of 
different material and found that they 
all reached the ground at nearly the 
same time. (See Fig. 192.) Even paper 
fell rapidly when rolled into a compact 
ball. Then Galileo used an inclined 
plane to study accelerated motion by 
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rolling balls down the plane. A ball 
rolls down an inclined plane with uni- 
formly accelerated motion, but the 
distance traveled in any number of 
seconds is so much less than that of 
freely falling bodies, that the distance 
can be more easily measured. (See 
Fig. 193.) 


If we were to repeat his experiments by 
letting a ball roll down a grooved plane 
which is made just steep enough so that the 
ball rolls 1.ft. the first second, we should 
obtain results about as follows: (See Fig. 
194.) 


The ball rolls: 
1 foot in 1 second; 
4 feet in 2 seconds; 
9 feet in 3 seconds; 
16 feet in 4 seconds; 
25 feet in 5 seconds. 


Thus we see that the distance the ball 
rolls is directly proportional to the square 
of the number of seconds. It is also easy to 
deduce the following observations: 


The ball rolled 
1 foot the first second; 
3 feet the second second; (4-1 = 3) 


5 feet the third second; (9-4 = 5) 
7 feet the fourth second; (16-9 = 7) 
9 feet the fifth second; (25-16 = 9) 


The figures 1, 3, 5, 7, and 9 show that 
the motion was uniformly accelerated ; 
the acceleration, a, is 2 feet per second 
for each second of time. Since velocity 
is the rate a body moves ina given time, 
Starts 


Ol End of 1st sec, 


> End of 2nd sec, 


End of 
3rd sec, 


Relative distances are 
One, four and nine 


Fig. 194. The velocity of the ball i 
it rolls down the elite: Ee el 
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and since acceleration is the change in 
rate for a given time, it is correct to use 
the term acceleration per second per 
second (rate per second of change of 
velocity), or acceleration per hour per 
hour. To avoid repetition, the term 
“acceleration per second squared” may 
be used by the pupil when both the 
velocity and acceleration are rated in 
seconds. When a body starts from rest 
and travels with uniformly accelerated 
motion, the acceleration equals lwice the 
distance traversed during the firs! second. 

The initial velocity of the ball was 
zero; its acceleration, or gain in ve- 
locity was 2 ft. per sec.; therefore its 
velocity at the end of the first second 
was 2 ft. per sec. At the end of the 
next second, its velocity was 4 ft. per 
second, In five seconds 5 X 2, or 10 ft. 
per sec. will have been added to its 
original velocity. Its velocit y at the 
end of the fifth second is 10 ft. per sec. 
Thus we find that in each case, the 
final velocity is equal to the product of 
the acceleration by the lime. 

From the simple observations given 
above, it is possible to deduce several 
laws that apply to all cases of uni- 
formly accelerated motion. 

Law 1. If the acceleration is uniform, 
the velocity al the end of any second is 
directly proportional to the time. 

Using V to represent final velocity, 
a to represent acceleration, and £ to 
represent time, we may express this 
statement algebraically: final velocily 
equals acceleration times the lime. 


V=al. (Formula 1) 


In all types of motion, the total dis- 
tance traversed, s, equals the average 
velocity times the number of seconds, 
t; or, distance = average velocity X time. 

The average velocity for any given 
number of seconds equals one-half the 
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sum of the initial and final velocities, 
or, average velocity = 

initial velocity + final velocity 

5 f 

For a body starting from rest, the ini- 
tial velocity is zero; the final velocity 
equals at; from these values the second 
law may be derived: 


zero + al 
2 F , 


whence we get by substitution in the 


average velocity = 


formula, distance = average veloc- 
ity X time, the following: 
distance = a XIE JOR 
2 
le 
s= gl . (Formula 2) 


Law 2. If the acceleration is constant, 
the dislance traversed in any given num- 
ber of seconds is equal to one-half the 
acceleration times the square of the num- 
ber of seconds. 

In solving problems, we may use 
formula (1) to find V, a, or t, if two of 
these quantities are known. If any two 
of the following, a, t, and s, are known, 
the third may be found by the use of 
formula (2). Given a, V, and s; any 
two of them known, and the third to be 
found. Solving formula (1) for t, and 
substituting in formula (2) the value 
thus obtained, we get 

V=vV2as. (Formula 3) 

The formula, s = 4a(2t — 1), may be 
used to find the distance traversed in 
any given second, the sixth or eighth, for 
example. 

Pronuem. A ball starting from rest rolls 
down an inclined plane with uniformly ac- 
celerated motion. If its acceleration is 20 ft. 
per second per second, find: (1), its velocity 
at the end of the tenth second; (2), the dis- 
tance it travels in 10 seconds; and (3), the 
distance it rolls in the eighth second. 


Solution. To find the final velocity, we 
use the formula, V = at. Whence, V = 
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20 X 10, or 200 ft. per second. By substitut- 
ing in the formula, s = $al, the values for 
a and £, we have s=4X20X(10)*. Whence, 
s = 1000 ft. To find the distance the ball 
rolls in the eighth second, we use the for- 
mula s = 4a(2¢ — 1). Whence, 
s= 10((2 X 8) —1). s= 150 ft. 

Alternative solution. The final velocity is 
found from the formula V = at. Whence, 
V = 200 ft. per sec. The initial velocity is 
zero and the final velocity is 200 ft. per sec- 
The average velocity is 100 ft. per sec. In 
10 seconds, the ball will roll 10 X 100 ft., 
or 1000 ft. In 8 seconds the ball rolls at 
an average velocity of 80 ft. per sec., a 
distance of 640 ft. In 7 seconds, the aver- 
age velocity was 70 ft. per sec., and the 
distance 490 ft. In the eighth second it must 
have rolled the difference, 

640 — 490 = 150 ft. 


158. What are the laws for re- 
tarded motion? The laws and formu- 
las given in the preceding section also 
apply to uniformly retarded motion. 
We use them when we wish to know 
how far a car will run before it can be 
stopped, or how long it will take to stop 
a car. Suppose that we have a car trav- 
eling 30 mi. per hr., or 44 ft. per sec.; 
the brakes are capable of retarding the 
car 10 ft. per sec. per sec. We wish to 
know how quickly the car can be 
stopped and how far it will travel after 
the brakes are applied. Our problem is 
solved in exactly the same manner as 
if we asked how far a car must travel 
to attain a speed of 30 mi. per hr. if the 
acceleration is 10 ft. per sec. per Se.» 
and how long it will take. 


Solution. Velocity and acceleration are 
known; distance is to be found. These three 
quantities all occur in formula (3). 

V = V2as. (Formula 3) 
aT TE . . 
44 = V2 X 10 X s, by substitution. 
20s = (44)%, and s equals 96.8 ft. 

To find the time, we may use V = at, and 
substitute 44 = 10¢. We find that ¢ = 44 
seconds. Or we may substitute in the for- 
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Key ZZ Distance car travels before driver senses danger and applies brakes. Reaction distance. 


E] Distance car with four-wheel brakes needs in which to stop. Braking distance. 
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Total distance needed for stop- 
ping equals the sum of reaction 
distance and braking distance. 
Figures assume good brakes 
and good conditions. 


Fig. 195. Note that the doubling of the velocity requires much more than double the total distance 


needed in which to stop a car. 


mula s= af’, using s= 96.8 ft. and 
3a = 5 ft. per second per second. The value 
of lis the same, 4.4 seconds. 

The chart, Fig. 195, shows the dis- 
fances within which a car should be 
able to stop when traveling at differ- 
ent velocities. It shows clearly that 
advertisements saying that a “car will 
stop on a dime” are untrue. For your 
own safety, you should note that a 
car needs 4 times the braking distance 
in which to stop if velocity is doubled. 

159. The laws of acceleration ap- 
ply to freely falling bodies. If we 
make the plane used in repeating Gali- 
leo’s experiment steeper, the accelera- 
tion increases. When the plane is verti- 
cal, the ball becomes a freely falling 
body. The acceleration is due to the 
continuous attractive force of gravity, 
but now it is not resolved into two com- 
ponents as before. (See Fig. 153, Sec- 
tion 138.) The force of gravity pulls 
directly upon the ball. 

If one gram of mass is allowed to 
fall freely, the force of gravitation 
will impart to it a velocity of 980 cen- 
timeters per second in one second of 
time. Since V= at, then, from the 


above definition, a is equal to 980 cm. 
per second per second at the latitude of 
New York. 

The laws of accelerated motion apply 
to freely falling bodies, but since the 
acceleralion due to gravity is always the 
same at a given locality, the letter g 
is used instead of a to represent ac- 
celeration. For New York, g = 980 cm. 
per sec. per sec., or 32.16 ft. per sec. 
per sec. The formulas derived in Sec- 
tion 157 then become, 


W V=qgl 
(2) s= 492 
(3) V= v29s 


(4) s= 49(2t-—1). 

160. Objects fall at the same rate 
in a vacuum. When Galileo per- 
formed his celebrated experiments with 
falling bodies, he found that dense ob- 
jects fell rather more rapidly than 
lighter objects. There was so little dif- 
ference in the majority of cases that he 
concluded that the unequal rate must 
be due to resistance of the air, and thal 
all bodies would fall at the same rate in 
a vacuum. 

The invention of the air pump made 
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it possible to prove the correctness of 
Galileo’s theory. A long glass tube, 
containing a feather and a coin, is 
inverted. The feather flutters down 
slowly, striking the bottom at a con- 
siderable interval after the coin. (See 
Fig. 196A.) When the air is pumped 
from the tube and it is again inverted, 
both fall simultaneously (Fig. 1968). 
A man who weighs 200 lb. does not fall 
any faster than a man who weighs only 


Tube 
contains 
air 
Tube 
is 
vacuum 
A 


Fig. 196. Bodies fall at the same rate in a 
vacuum. 
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140 lb. A laboratory device known as 
the water hammer is sometimes used to 
demonstrate rapid fall in a vacuum. It 
consists of a glass tube partly filled with 
water; the air is removed and the tube 
sealed. When the tube is jerked sud- 
denly, the water falls like a stone, pro- 
ducingasharpclick asit strikes the glass. 

*161. The laws of retardation 
and acceleration apply to bodies 
projected upward. An object thrown 
upward is uniformly retarded until it 
finally stops rising. Then as it falls it is 
uniformly accelerated. If we know the 
initial velocity with which it is pro- 
jected upward, we may apply the laws 
of accelerated motion to find how high 
it will rise, and how long a time will be 
required for the ascent. 

Prosiem. An object is projected upward 
with a velocity of 100 m. per sec. How high 
will it rise? How long a time will be needed 
for the ascent? How long a time will elapse 
before it strikes the earth? 

Solution. In the formula, V = Vgs, V 


and g are known; g = 980 cm. per sec. per 
sec., or 9.8 m. per sec. per sec. Substituting, 
100 = V2 X 9.8 X s, s = 510.2 m. From 
the formula, V = gl, we find the time re- 
quired for the ascent, since V and g are 
known. Substituting, 100 = 9.8/,t = 10.2 sec. 
Since it takes the same time for it to fall, 
it will be 20.4 sec. before it strikes the earth. 


QUESTIONS 


1. What is the difference between ve- 
locity and acceleration? Which does the 
speedometer in your automobile indi- 
cate) 

2. What causes the velocity of a roller 
coaster to increase as it goes dow! 
Why does its velocity decrease on the up- 
grades? ¢ 

3. The earth attracts a 10-lb. iron weight 
with ten times as much force as a lb, 
iron weight. Why will the 10-Ib. ion weight 
not fall ten times as fast? 

4. Why does a bomb falling from a 
height of 20,000 ft. take a longer time to 


reach the ground than is calculated from 
the formula, s = 390°? 

5, Why is it possible to use the same 
laws for uniformly retarded motion as for 
uniformly accelerated motion? 

6. In order to travel faster than sound, 
airplanes must cross the “sonic barrier.” 
This is a period of intense vibration caused 
by air passing over the wing surfaces with 
the speed of sound, about 700 mi. per hr. 
In order to take an airplane through this 
“barrier” as quickly as possible, the pilot 
may go into a power dive. How would this 
help accelerate the airplane more rapidly? 
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PROBLEMS 


Group A 


In solving problems pertaining to freely 
falling bodies, use g = 980 cm. per sec. per 
sec. or g = 32 ft. per sec. per sec. 

l. On the Pennsylvania Turnpike the 
speed limit is 70 mi. per hr. What is this 
rate in feet per second? 

2. If a man runs the 100-yd. dash in 
9.6 sec., what is his speed in miles per hour? 

3. An automobile may be accelerated at 
the rate of 4 ft. per sec. per sec. How many 
seconds will it take for this car to attain a 
speed of 44 ft. per sec.) 

4. How far will the car of Problem 3 go 
before attaining that velocity? 

5. How many seconds will it take for an 
object to drop 400 ft.? 

6. What is the acceleration of an auto- 
mobile which attains a velocity of 66 ft. per 
Sec. in 20 sec.) 

7. What velocity does a falling object 
attain after it has fallen 1 ft.) After it has 
fallen 4 ft.? 


8. What distance will be required to 
stop a car traveling 15 mi. per hr. (22 ft, 
per sec.), if the brakes can retard the car at 
the rate of 10 ft. per sec. per sec.) Remem- 
ber that this distance does not include re- 
action time. Why is it important to drive 
slowly near schools? 

9. How many centimeters will an object 
dropped from an airplane fall in the tenth 
second after it is released? 

10. What velocity is attained by an ob- 
ject accelerated at the rate of 25 cm, per 
sec. per sec. when it has covered a distance 
of 50 meters? 

11. If an object is dropped, and has 
fallen for 15 sec., what is its velocity in 
centimeters per second? 

12. A freight train which is 3000 ft. long, 
runs at 60 mi. per hr. How many seconds 
will be required for the train completely 
to cross a bridge which has a length of 
500 ft.? 


Group B 


13. How long willit take a bomb dropped 
from a height of 25,600 ft. to reach the 
ground? 

14. With what velocity does the bomb of 
Problem 13 strike the earth? 

15. Ifa batter sends a fly ball to a height 
of 160 ft., how much time does a fielder 
have to get in position to make the catch? 

16. With what velocity will a rocket 
which has reached an altitude of 65 miles 
strike the earth? How long did it take for 
the rocket to make the descent? 

17. With what velocity must a ball be 
shot upward to reach the top of the Empire 
State Building, 1248 ft, high? 

18. How much time will be required 
for the ball of Problem 17 to fall’ to the 
pees after reaching the top of the build- 
ing 

19. Tf a train travels the distance be- 
tween Consecutive mile posts in 50 sec., 
what is the velocity of the train in miles 
per hour? In feet per second? 

20. „The engineer of a streamlined train 
traveling on straight track at the rate of 
90 mi. per hr., sees an automobile stalled 


at the crossing one-half mile away. If the 
maximum retardation of the brakes is 5 ft. 
per sec. per sec., will the engineer be able 
to stop the train in time? 

21. With what velocity will an object 
strike the earth after having been dropped 
from the top of the Eiffel Tower, about 
300 m. high? How long did it take for the 
object to fall? 

22. What is a person’s reaction time, 
if his automobile travels 44 ft. at 40 mi. 
per hr. before he puts his foot on the brake? 
Assuming that the reaction time is the 
same, how far will the car travel if he is 
going 60 mi. per hr.) 

23. A roller coaster attains a velocity of 
35 mi. per hr. at the foot of a dip 100 ft. 
long. The coaster was traveling 5 mi. per 
hr. at the top of the dip. Calculate the time 
required to make the descent and the ac- 
celeration, (Hint: Calculate the average 
velocity. Use this average velocity and the 
distance traveled to obtain the time for the 
descent. Then find the gain in velocity. 
This, divided by the time for the descent, 
will give the acceleration.) 
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2. The Pendulum 


162. What is a pendulum? A body 
suspended so that it can swing to and 
fro about a horizontal axis is called a 
pendulum. The simple pendulum is de- 
fined as a small dense mass so sus- 
pended by a weightless cord. Of course 
it is impossible to construct such an 
ideal pendulum, but a ball suspended 
by a light thread is, for practical 
purposes, a simple pendulum. (See Fig. 
197.) The point or axis about which 
a pendulum vibrates is called the center 
of suspension. As the ball or pendulum 
bob moves from A to B and back 
again to its starting position, A, it 
makes a complele vibration. The time 
required for a complete vibration is 
known as the period of the pendulum. 
The displacement of a pendulum is the 
changing distance of the bob from the 
center point of its swing, C. The am- 
plitude is the maximum displacement. 

163. What are the laws of the 
pendulum? You recall that it was 
Galileo who began experiments with 
air pressure. Next we found him drop- 
ping different objects from the top of 
the leaning tower at Pisa. These simple 
experiments led to others from which 
Galileo developed the laws of acceler- 
ated motion and falling bodies. Now we 
see this philosopher as he sits in the 
cathedral in Pisa and watches a chan- 
delier as it swings to and fro. With one 
finger on his pulse, he finds that succes- 
sive vibrations are made in equal times. 
If this were not true, pendulums could 
not be used in clocks. Later he per- 
formed a series of experiments by 
means of which he ascertained several 
facts concerning the vibrations of the 
pendulum. These facts are known as 
the Laws or THE PENDULUM. 


1. The time of vibration is independ- 
ent of the weight or material of the 
pendulum. This law is strictly true only 
if the pendulum vibrates in a vacuum. 
The air resistance has more effect upon 
a ball of cotton used as a pendulum 
bob than it does upon a ball of lead. 

2. The time of vibration is independ- 
ent of the amplitude, if the are is small. 
A pendulum usually swings through an 
are of 10° or less. 

3. The time of vibration is directly 
proportional to the square root of the 
length of the pendulum. This law may 
be expressed algebraically as follows: 

i:tt=v1: VV. 

If we have two pendulums, one 
25 cm. long and the other 100 cm., the 
longer one will vibrate just half as fast 
as the shorter one. The square roots of 
25 and 100 are 5 and 10 respectively. 
Hence the times required for one vibra- 
tion are in the ratio of 5 to 10, or 1 to 2. 

x4. The time of vibration is in- 
versely proportional to the square root of 
the acceleration due to gravity. A pendu- 
lum vibrates rather more rapidly at 
the North Pole than at the equator. 
If we use the letter J to denote the 
length of a pendulum, and g to denote 
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Fig. 198. The com- 
pound pendulum. 


Fig. 197. The simple 
pendulum. 
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the acceleration due to gravity, then £, 
time required for a complete vibra- 
tion, is found by the following formula: 


t=2ny/!. 
g 


Prostem. Find the length of a pendulum 
that will make a complete vibration in one 
second when g equals 980 cm. per sec. per 
sec. 

Solution. Substituting the values, £ = 1, 
and g=980 cm. per sec. per sec. in the formula 


t 


we have 


_ 4 X 9.8701 
~ 980 
Whence | = 24.82 cm., the length of a pen- 
dulum which will make one complete vibra- 
tion in one second at the latitude of New 
York, where g = 980 cm. per sec. per sec. 
x164. Where is the center of os- 
cillation? The length of the pendulum 
shown in Fig. 198a is measured from 
the point of suspension to the center of 
gravity of the ball B. A meter stick CD 
suspended from one end by a hook, al- 
though apparently of the same length 
as the pendulum a, does not vibrate at 
the same rate. It is a compound pendu- 
lum, Fig. 198b. Since its weight is dis- 
tributed along its length, the several 
parts tend to vibrate as pendulums of 
different lengths. The particles near 
the lower end would, if isolated from 
the rest, vibrate more slowly. It is 
possible to find an intermediate parti- 
cle, however, that would vibrate at the 
same rate as the undivided meter stick. 
This particle is at the center of oscilla- 
tion. Experiment shows that the meter 
stick will vibrate at the same rate as 
the simple pendulum P, which is 2 its 
length. If we bore a hole through the 
meter stick at the center of oscillation 
and suspend the meter stick from this 
point, it will have the same period as 


J » or 39.48] = 980 cm. 


FORCE AND MOTION 


before. The real length of the meter 
stick swinging as a pendulum is the 
distance between the center of suspen- 
sion and the center of oscillation. 

*165. Where is the center of per- 
cussion? If we strike the meter stick at 
its center of oscillation with a mallet 
when it is suspended as in Fig. 1988, it 
will swing smoothly as a pendulum, 
without being jarred. If the meter stick 
is struck at any other point, it shivers 
or trembles instead of vibrating freely. 
The center of oscillation is coincident 
with the center of percussion. The center 
of percussion of a body is that point 
where a blow produces the least effect 
upon the center of suspension. A base- 
ball player can drive a ball harder and 
farther if it strikes the bat at the center 
of percussion. If the ball strikes the 
bat at any other point, the bat “stings” 
the hands and is more likely to be 
broken. (See Fig. 199.) 

Sometimes the handle of a hammer 
or ax is made too big for the weight of 
the head or blade. A woodsman, test- 
ing an ax that has too much wood in 
the handle says that the ax is poorly 
hung. Its center of percussion is in the 
handle when it should be in the ax itself. 

166. What are some uses of the 
pendulum? The chief use of a pendu- 
lum is for keeping time. In a clock, the 
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Fig. 199. The center of percussion. 
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movement of the hands is controlled 
by the swinging of a pendulum. In 
Fig. 200 the escapement wheel is one 
of a train of gear wheels that move 
the hands. Although these wheels are 
driven by a weight or spring, yet the 
escapement wheel is released one cog 
at a time by the vibrating pendulum, 
which thus indirectly controls the 
movement of the hands. A slight push 
from each cog as it escapes keeps the 
pendulum vibrating. A pendulum can 
be used to measure altitudes, but the 
barometer is more convenient. Fou- 
cault used a heavy pendulum bob sus- 
pended by a long wire to prove that 
the earth rotates on its axis. A stylus 
attached to the bob traced paths across 
a sanded curved floor. The pendulum 
vibrates in the same plane. Its tracings 
vary because the earth rotates. 
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S jappen: 


| Ratchet wheel 


Fig. 200. The swinging of the pendulum releases 
the ratchet wheel. 


3. Newton's Laws of Motion 


167. What are Newton’s laws of 
motion? Sir Isaac Newton formulated 
three laws of motion that help to ex- 
plain some very important principles 
of physics. While they are not capable 
of conclusive proof, yet observation 
and experiment furnish evidence of 
their truth as applied to the motion of 
both terrestrial and celestial bodies. 
We have already seen how bodies move; 
NEWron’s Laws explain why bodies 
move, They deal with the relation be- 
tween force and motion. 

168. What is Newton’s first law? 
Suppose you park your automobile 
on a perfectly level street, and forget 
to pull up the hand brake. What will 
happen to your car? As long as the 
car is not touched, it will have n° tend- 


ency to start moving. But suppose 
that someone pulls into the parking 
space behind your car, and he care- 
lessly bumps it. What happens? Your 
car will start to move, but will grad- 
ually come to a stop. Why? The bump 
against your car is a force acting upon 
it. It moves your car; that is, it in- 
creases its velocity from zero to per- 
haps one mile per hour. An increase in 
velocity is acceleration. Therefore, an 
unbalanced force produces accelera- 
tion. But the car eventually stops. 
What force produces the deceleration? 
Probably the most important force is 
the force of friction. The friction in the 
wheel bearings and the friction of the 
tires on the street bring the car to rest. 
Suppose there is no force of friction. 
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Then it is logical to assume that the car 
will continue to roll at constant speed. 
We may state Newton’s first law of 
motion: Every body continues in is 
stale of rest or uniform motion in a 
straight line unless it is compelled by an 
unbalanced force to change that state. 
169. Force, mass, and accelera- 
tion are related. If a force of 1 lb. 
acting on a body produces an accelera- 
tion of 1 ft. per sec. per sec., then a 
force of 2 lb. acting on the same body 
would give it an acceleration of 2 ft. 


per sec. per sec. Acceleralion is directly . 


proportional to the acting force. By using 
the letters F and F’ to represent the 
two forces, and the letters a and a’ to 
represent the respective accelerations, 
then we may include the above state- 
ment in a mathematical formula as 
follows: 
Basa!) 

In the case of a freely falling body, 
one of the forces is known, because it is 
equal to the weight, w, of the body. 
The acceleration, g, is also known, be- 
cause it is equal to the acceleration due 
to gravity. Then the formula becomes, 

Fiw = aig. 

By the use of this formula one can 

calculate the force needed to impart to 


a body of known weight any desired 
acceleration, 


PROBLEM. A car weighs 3000 Ib. What 
force is needed to impart to it an accelera- 
tion of 10 ft. per sec. per sec.? 


Solution. By substitution, we get, 
F;3000 = 10:32. 


Whence, = 937.5 1b, 


In order to produce the same accel- 
eration in bodies of different ‘mass, 
different forces must be used. It has 
been found that the larger the mass, 
the greater the force that is required 
to produce the same acceleration, Also, 
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for a given mass, a greater force pro- 
duces a greater acceleration. We can 
change the formula 

PF = aza 
to read 

Fsa= Fa. 

This means that for any given body, 
the force and the resultant acceleration 
are directly proportional, and the 
ratio between them for a given mass 
is constant. This ratio can be used to 
define mass. 


— =m. 
a 


By transposing terms, we derive one 
of the most important relationships in 
physics, 

F = ma. (Equation 1) 
This equation states that the force on a 
body equals the product of its mass 
and the acceleration produced by this 
force. 

170. What is momentum? The 
student may place one hand flat on the 
table and lay a I-lb. weight upon it. 
The effect is not unpleasant, but he 
may not care to continue the experi- 
ment by lifting the weight to a height 
of a foot or more and dropping it upon 
his hand. The impact in the second 
case is due to the momentum of the 
weight, or the product of its mass times 
its velocity. A ferryboat moves very 
slowly in docking, but a foot caught 
between the slowly moving boat and 
the dock would be crushed by the mo- 
mentum of the boat. This momentum 
is equal to the mass of the boat times its 
velocily. A rifle bullet has a terrific im- 
pact because its velocity is from 1500 
103000 ft. per sec., and its small mass of 
a few ounces multiplied by such a high 
velocity gives it a large momentum. 

When two or more forces act to- 
gether, cach produces its own change 
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of momentum, independently of the 
other forces. Thus the force that drives 
a bullet in a horizontal direction acts 
continuously; at the same time, the 
force of gravity is gradually pulling 
the bullet toward the earth. A ball 
dropped from the top of a tall tower 
strikes the ground at the same instant 
as a bullet fired horizontally from the 
top of the tower, although the latter 
may fall several thousand feet distant. 
(See Fig. 201.) 

171. What is the second law of 
motion? We have already learned that 
acceleration is the rate of change of 
yelocity, or 


a= 


If we substitute this value of a in 
equation (1), Section 169, we get, 
mV, 

t 
We have also learned that the product 
of mass times velocity, mV, equals mo- 
mentum. This equation then tells us 
that the rate of change of momentum is 
directly proportional to the acting force. 
(The units of force in both the English 
and metric systems are selected so that 
there is direct equality when these 
units are used.) The rate of change of 
momentum takes place in the direction 
in which the force acts. These two 
italicized statements constitute New- 
ton’s second law of motion. 
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Fig. 201, Both balls strike the floor at the same 


Instant, 
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172. The path of a projectile is 
curved. (a) Fired horizontally. Many 
persons have the idea that a rifle bullet 
fired horizontally travels in a straight 
line, but such is not the case. Gravity 
acts upon it immediately and con- 
stantly, pulling it from its course. Sup- 
pose its velocity is 3000 ft. per sec.; at 
the end of the first second, air resist- 
ance being ignored, it will have trav- 
eled 3000 ft.; but in 1 second a body 
falls 16.08 ft., and the bullet would 
strike 16.08 ft. below the point at which 
it was aimed. In 2 seconds the bullet 
travels 6000 ft., but it drops in the 
same interval 64.32 ft. (See Fig. 202A.) 
Of course, the greater the velocity, the 
more nearly the curve approaches a 
straight line. The curve of Fig. 202B 
shows the path of a ball thrown with 
a horizontal velocity of 100 ft. per 
second. (See Fig. 203.) 

(b) Fired at an angle. In the use of 
the modern rifle, in which the bullet 
may have a velocity of 3000 ft. per 
second, the path of the bullet is so 
nearly horizontal that no correction 
need be made for short distances. When 
the object is more remote, the rear 
sight of the rifle is raised a trifle. 
When the rifle is then aimed at an ob- 
ject, the end of the barrel is raised 
slightly. The farther away the object, 


1 space = 100 feet 


Path of high velocity projectile 


1 space = 25 feet 
B > a e T a A aR Ti 
EAS 
Path of low velocity projectile SK 
W 
S 


N, 
5 


` 


Fig. 202A. Curve of a high velocity projectile. 
B. Curve of a low velocity projectile 
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Courtesy of the Remington Arms Company, Ine. 


Fig. 203. A pistol bullet photographed at the instant it left the pistol. 


the more the rear sight is elevated be- 
fore taking aim. The muzzle of a field 
gun is always elevated so that the pro- 
jectile is fired at an angle. Fig. 204 
shows the path such a projectile may 
take. The angle BAC is the angle of 
elevation. AC and AD are the com- 
ponent horizontal and vertical veloci- 
ties, and AR is the range. The path 
ABR is called the trajectory. The higher 
the velocity of the projectile, the flatter 
the trajectory, Fig. 202. Under actual 
conditions, air resistance reduces the 
range, and corrections must be made 
for windage (deflection due to wind). 

173. We can find the composition 
of velocities. From a consideration of 
the preceding paragraphs it is evident 
that we may have composition of 
velocities as well as composition of 
forces. Since it requires force to pro- 
duce velocity, and we know that forces 
can be represented graphically, it seems 
reasonable to believe that velocities 


D B 


AEA 


Fig. 204, Path of a projectile that is fired from 


can also be plotted as vectors. In fact 
we can not only plot velocities, but 
we can also determine the resultant of 
two or more velocities acting concur- 
rently. If a man rows a boat across a 
stream at a velocity of 4 miles per hour, 
and the current carries the boat down- 
stream with a velocity of 4 miles per 
hour, we can find the resullant velocity 
by drawing the parallelogram shown in 
Fig. 205, and calculating the length of 
the diagonal. If the stream were 4 miles 
wide, the man would row across in an 
hour, but he would land 4 miles down- 
stream, unless he kept the bow pointed 
somewhat upstream. He would actually 
have traveled along the diagonal of the 
parallelogram a distance of 5.66 miles 


(VUF FGF = 5.66). 
a! Man rows,4 mi. per hr. "I| c 
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Fig. 205. Velocities are compounded just as 
we compound forces. 
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174. What is Newton’s third law? 
A boy rows a boat toward the shore of a 
lake. When he is 3 or 4 feet from shore, 
he steps on the bow and attempts to 
leap ashore. The force with which he 
impels himself forward reacts and 
pushes the boat backward. The boy 
misses his mark and falls into the 
water. One who wishes to jump forward 
must stand on something fixed which 
resists this acting force, The end of a 
garden hose lying on the lawn is 
pushed backward by the reaction of 
the water as it issues from the nozzle. 
Water reacts against the oars of a boat 
and the arms of a swimmer; its reaction 
against the propellers makes the move- 
ment of a steamboat possible. The re- 
action of the air against the wings of a 
bird enables it to fly. The air reacts 
against the propellers of an airplane 
as they drive the plane forward, and 
the reaction against the plane is re- 
solved into two components, one of 
which lifts the plane. (See Fig. 165.) 

If we fasten one spring balance to 
the table, hook another spring balance 
to it as shown in Fig. 206, and pull 
steadily, it may be shown that the re- 
action is equal to the action. Both bal- 
ances show the same reading. The colli- 
sion balls of Fig. 207 may also be used 
to show that the force of reaction is 
equal to the action. If one ball is raised 
and let fall, one ball flies out at the op- 
posite end of the line. When two balls 
are let fall, two balls at the other end 
of the line move in response to their 
action, Newton’s third law is usually 
stated as follows: To every action there 
is an equal and opposite reaction. 
Some have tried to argue that no 


10 Ib. 10 Ib. 
Fig. 206, Action equals reaction. 


Fig. 207. Further proof that action equals 
reaction. 


motion can occur, if action and reac- 
tion are equal. But in reaction two 
different bodies are always involved. 
The water reacts against the oars, and 
the air against the propeller. If two 
boys pull upon a light wagon in op- 
posite directions, the wagon moves in 
the direction of the greater force. Here 
two forces act upon one body. This is an 
example of counteraction, in which there 
is an unbalanced force. Reaction is 
shown by the fact that the earth reacts 
against the feet of each boy with a 
force which is exactly equal to the pull 
he exerts. The driving wheels of a mov- 
ing automobile push backward on the 


z i : 
Fig. 208, Water escaping from nozzles reac! 
ana backward direction against them, thus 
producing rotation. 
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Fig. 210. To every, action there is an equal 
planes make use of this principle in take offs. Note the rockets under the fuselage. 


causes hot gases to be expelled from 


ground, but the ground pushes forward 
on the wheels. This is reaction, but 
when this car tows another car the pull 
on the towline is an unbalanced force. 

175. What are some applications 
of reaction? As the water issues from 
the nozzles of a rotary lawn sprinkler, 
the rotating head scatters the water in 
all directions. (See Fig. 208.) The recoil 
of a gun is sometimes used to eject the 
empty cartridges from rapid-fire guns. 
The recoil from some disappearing 
coast defense guns carries the gun back 
on its carriage and down behind the 
coastal fortifications. Burning powder 


4. Curvilinear Motion 


176. How is curvilinear motion 
produced? From Newton’s first law 
ve learned that a body which has ac- 
quired velocity continues to move ina 
straight line. If a second force acts 
upon the moving body at right angles 
to its path, it will be deflected from its 


Acme News Service 


and opposite reaction. JATO (Jet-assisted-take off) 


an ignited sky rockel. The force of 
reaction drives the rocket upward. The 
reacting force from expanding gases 
drives rockel bombs with terrific force. 
(See. Fig. 209.) The first robot bomb 
of World War II was kept on course 
by gyroscopes and driven at a speed of 
350 mi. per hr. by the reacting force 
from a series of explosions, probably 
from gasoline and air. The reaction prin- 
ciple of exploding gases is used in jet 
propelled airplanes. They can get off 
the ground very quickly, or travel at 
speeds faster than sound. (See Fig. 210.) 


and Centrifugal Force 


rectilinear line, and its motion will 
become curvilinear. To illustrate, we 
may tie one end of a string to a ball. 
Holding the other end firmly, we may 
swing the ball in a circle about the 
hand as a center. The pull of the hand 
upon the cord deflects the ball away 
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from its rectilinear path and toward 
the center. (See Fig. 211.) As the ball 
moves along the circumference from 
B to A, the pull toward the center has 
deflected it a distance equal to AO. 
The constant pull that deflects a body 
from its rectilinear path and compels 
it to move along a curve, is called cen- 
tripetal force. 

177. What is centrifugal force? 
According to Newton's third law of 
motion, to every action there is an 
equal and opposite reaction. We have 
seen that the string exerts a centripetal 
force on the ball, causing it to move 
in a curved path. But the ball exerts 
an equal and opposite force on the 
string, tending to break the string. 
This force is called the centrifugal 
force. You should note that these 
forces, centripetal and centrifugal, are 
equal in magnitude, but are opposite 
in direction. The centripetal force acts 
on the ball; the centrifugal force acts 
on the string. If the string breaks, the 
ball will continue to move in a straight 
line tangent to the curved path. This 
agrees with Newton’s first law, since 
once the string is broken, no forces act 
on the ball. 

178. What are some illustrations 
of centrifugal force? Mud flies from 
a turning automobile wheel when the 
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AN Ball B tries 
to follow 
path BO. 
String pulls it 
toward center 


Fig. 211. The ball tend 
and follow the pul BO. ut 
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break the string 
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centrifugal force exceeds its adhesion 
to the tire. Water flies off at a tangent 
from a rapidly turning grindstone. 
David knew that a high velocity could 
be imparted to a missile by putting it 
in a sling and whirling it around his 
head. That knowledge and his skill in 
controlling the direction of the stone 
which he picked out of the brook made 
him the conqueror of Goliath. Emery 
wheels sometimes burst when driven at 
high velocity; the centrifugal force ex- 
ceeds cohesion. An automobile round- 
ing a curve at high speed is likely to 
“turn turtle.” (See Fig. 212.) 

179. How can we counteract the 
effects of centrifugal force? We lean 
toward the center when we are skating 
around a curve. To prevent the over- 
turning of a train rounding a curve, the 
tracks are banked so that the rail on 
the outside of the curve is higher than 
the inside rail. Running tracks in gym- 
nasiums and race tracks of all kinds 
are banked at curves to help nullify 
the effects of centrifugal force. New 
highways are usually banked at the 
curves to help prevent accidents. Since 
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NI Driver steers his 
Na car along the 
a curve ACD 
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Centripetal force of the road on the car 

balances the centrifugal force of the car against 
the road to keep it in path ACD. If these forces 

ceased toact, the car would move along the line AB. 


Fig. 212. The centrifugal force is attempting 
to pull the car off the road. 
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Keystone View Company 


Fig. 213. The bob-sled track is banked at the turns to help counteract centrifugal force. This picture 
taken at Lake Placid, N. Y., shows a sled almost perpendicular against a banked turn. 


centrifugal force depends upon inertia, 
and inertia is a general property of all 
matter, we cannot do away with cen- 
trifugal force, but we can in some 
cases prevent damage by nullifying 
its effect. (See Fig. 213.) 

180. What are some practical ap- 
plications of centrifugal force? In 
former years, farmers let milk stand 
until the less dense cream rose to the 
top of the crock. Then the cream was 
skimmed off the top of the milk. Now 
centrifugal separators separate the 
Cream from the milk. The milk enters 
the top of the separator, and is thrown 
against the surfaces of several funnel- 
shaped discs or blades that rotate at a 
high speed. Cream, which is less dense 
than milk, rises along the top sur- 
faces of the blades and issues from an 
Opening near the center. (See Figs. 214 
and 215.) The skim milk passes to the 
Outside of the rotating blades where it 
18 drawn off through a separate outlet. 

James Watt devised a governor to 


regulate the speed of a stationary en- 
gine. It is operated by a belt driven 
from the shaft of the flywheel of the 
engine. As the speed increases, the 
two balls, Fig. 216, move farther apart, 
since centrifugal force increases with 


Fig. 214. The blades of the cream separator. 
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Courtesy of the de Laval Separator Company 


Fig. 215. The whole milk enters at the top and 
is separated by centrifugal force. The blades, 
or discs, rotate at a speed of from 6000 to 
8000 revolutions per minute. The skim milk, 
which is denser, is thrown against the lower 
surfaces of the discs, whence it Passes down to 
the outer edge of the bowl, The cream, which 
is less dense than the milk, passes upward and 
inward toward the center. 


the speed. As they move outward, they 
lift one end of a lever which shuts off 
some of the steam. The reverse occurs 
when the engine begins to slow down. 

Some automobile speedometers are 


As balls spread 
apart the lever 
Closes valve 


Fig. 216. Centrifugal fo. trol 
and regulates the ei, aeons 
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operated on a similar principle. Small 
weights are hinged to a shaft which is 
driven through a flexible cable by 
means of a gear attached to the drive 
shaft or to one of the wheels. As the 
speed increases, these weights pull out- 
ward and move the pointer over a 
graduated dial. 

Wet solids may be partially dried by 
putting them in a perforated cylinder, 
which is then rapidly rotated, The 
water is thrown out through the open- 
ings. Crystals are dried in this manner; 
laundries also use this method for dry- 
ing clothes. Some types of electric 
washing machines use the centrifuge 
for drying clothes. Fig. 217 shows the 
“spinner” of such a machine. The wet 
clothes are taken from the washing tub, 
and placed evenly in the spinner basket. 
This basket is whirled at high speed 
for several minutes to remove the 


wash water, which is usually returned 
to the washing tub by a pump. 
Liquids that contain sediment are 


often centrifuged instead of being 


Courtesy of Easy Washing Machine Co. 


Fig. 217. The centrifuge at the right of this 
washing machine removes wash and rinse water 
from clothes quickly and efficiently. 
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filtered. A small laboratory centri- 
fuge is shown in Fig. 218. The sedi- 
ment from varnish is removed by this 
method using larger industrial equip- 
ment. In the making of viscose rayon, 
the solution of cellulose is passed 
through openings 0.005 mm. in diame- 
ter. As the clear solution flows into a 
dilute solution of sulfuric acid, a fiber 
is formed. It takes 20 of the small fibers 
thus produced to make a single thread 
of rayon. Since these openings are so 
tiny, the solution is centrifuged at 
8000 or 10,000 revolutions per minute 
before spinning toremove any sediment 
clogging the openings. (See Fig. 219.) 
Even our amusement parks utilize 
centrifugal force. At Coney Island the 
“human pool table” is an example. 
*181. How can we calculate the 
magnitude of centrifugal force? It 
is possible to measure the puii which 
the ball of Fig. 211 exerts upon the 
string. If we use a ball which has just 


Courtesy of the Randolph Laboratories 
Fig. 218. A laboratory centrifuge for separating 
Suspended matter from small quantities of 
Solution. 
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double the mass, the pull on the string 
will be just twice as great. Hence we 
conclude that the centrifugal force is 
direclly proportional to the mass. If we 
shorten the string, the ball is pulled 
from its path faster and it reacts with 
greater force to break the string. Care- 
ful measurements show that centrifugal 
force is inversely proportional to the 
radius of curvature. As we swing the 
ball faster, so that the velocity along 
the curve increases, it pulls more 
strongly on the cord. Accurate measure- 
ments show that the centrifugal force 
is directly proportional to the square of 
the velocity. If V = velocity in centime- 
ters per second, m the mass in grams, 
and r the radius in centimeters, then 


C.F. (in dynes) = 2E. 


In the English system, if the weight, 
w, is in pounds, the radius in feet, 
the velocity in feet per second, and 
the force of gravity, g, in feet per 
second per second, then 


eee UVE 
C.F. (in pounds) = ca 


Prosiem. A ball that weighs 10 Ib. is 
being rotated by means of a cord 4 ft. long. 
If its velocity is 20 ft. per second, find the 
force in pounds that tends to break the 


cord. 


Solution of cellulose 


h Rotating 
ee Tee z can twists 
fibers to 


form thread 


Spinneret 


Fig. 219. As the solution of cellulose flows 
into dilute sulfuric acid through the.tiny open- 
ings, it hardens into fine threads or filaments. 
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Solution. V, g, r, and w are known. Sub- 
stituting the values in the formula, C.F. 


90)2 
WAO renee) 


wV? $ 
AT A get, C.F.= 32X4 


C.F. = 31.25 Ib. 


182. What is a gyroscope? You 
have probably played with a gyro- 
scope, which has a heavy wheel set in- 
side a light frame. When you spin the 
wheel, the frame will stay in a position 
that might ordinarily be one of un- 
stable equilibrium. It takes force to 
change the plane of rotation, too. The 
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fact that a moving wheel has such 
inertia that it tends to continue ro- 
tating in one plane is used practically 
in a gyroscope compass. A heavy wheel 
is mounted in a frame that will let 
it turn in all directions. The axle of 
the wheel is placed in a true North- 
South direction when the wheel is 
started. Then, regardless of where the 
ship is or how it moves, the axle will 
always point to true North. Such a 
compass is not affected by the earth’s 
magnetic field. 


5. Friction 


183. What is friction? The force 
which resists motion is called friction. 
If we attempt to roll or slide one body 
over another, we find that the force of 
friction opposes us. To some extent it 
is due to adhesion, but it is largely 
caused by irregularities in the surfaces 
of the two bodies. Uneven surfaces tend 
to interlock and offer resistance to mo- 
tion. Friction between smooth, plane 
surfaces is much less than it is between 
roughened surfaces. 

184. How does friction help us? 
You have seen a driver trying to start 
a car on icy streets. The rear wheels 
spin around, but the car does not move. 
There must be friction between the 
tires and the pavement before one can 
start a car. A horse cannot pull a wagon 
unless friction furnishes him a secure 
foothold. Without friction, we would 
be unable to walk. It is difficult to walk 
on ice, but even the smoothest ice has 
some friction. When we apply the 
brakes to stop a moving car, we depend 
upon friction to aid us. The caterpillar 
tractor can pull heavy loads over soft 
ground or through the snow because 


the projections on the tracks increase 
friction. (See Fig. 220.) 

Friction also helps us in less obvious 
ways. We screw a hook into the ceiling, 
If there were no friction, it would im- 
mediately fall out of its own weight. 
Without friction, a nail driven into a 
board would not hold at all. Our dishes 
would slide off the table if the table 
were not perfectly level, provided fric- 
tion were eliminated, 

185. How is friction a hindrance? 
Tn those cases where an object is to be 
moved or where a resisting force is to 
be overcome, friction is a disadvantage. 
An axle upon which a wheel must turn 
is highly polished and then oiled to 
reduce friction. In all bearings of a 
sewing machine, a bicycle, an automo- 
bile, or any other machine, efforts are 
made to reduce friction to a minimum. 

186. What do we know about 
sliding friction? Several facts about 
sliding friction have been discovered 
experimentally, 

!. Friction depends upon the ma- 
terials and their surfaces. Friction is 
not only different between different 
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TNR z he ‘ 
Courtesy of Caterpillar Tractor Company 


Fig. 220. The caterpillar tractor utilizes friction in pulling its load. 


materials, but is different between the 
same materials if the surfaces are 
different. 

2. If we hook a spring balance to an 
object, and pull horizontally, we find 
that it takes more force to start the 
object sliding than it does to keep it 
sliding. We conclude that sliding fric- 
tion is less than starting friction. 

3. In a similar manner, we do not 
find that sliding friction is much greater 
if we run and pull a sled than it is if we 
walk along slowly. In such a case, we 
conclude that sliding friction is inde- 
pendent of the velocity, but it is a well- 
known fact that the friction of the 
brake shoes against the wheels of a 
train running 20 miles per hour is 
probably at least 50 per cent more 
than when the train is running 60 
miles per hour. 

4. If we have a brick lying on its side 
ona table, we find that the force needed 
to keep it sliding is almost the same as 
if the brick were lying on one edge or 
standing on end. Hence we conclude 
that the force of friclion is practically 
independent of the area of contact be- 


tween the surfaces. But in this case, too, 
a motorist finds that letting part of the 
air out of his tires will increase friction 
and reduce skidding because of in- 
creased area of contact. This may be 
partly due to the fact that the tires 
hold better because a part of the air is 
forced out from the space between 
them and the pavement, thus permit- 
ting air pressure to aid. 

5. It does not require so much force 
to slide an empty chair across the floor 
as it does to slide the same chair when 
a 200-Ib. man is sitting on it. Friction 
is directly proportional to the weight of 
the object. 

4187. What is the coefficient of 
friction? If we compare the weight of 
a block of wood with the force neces- 
sary to pull it along the table, we will 
find that it takes less force to slide 
an object than it does to lift it. (See 
Fig. 221.) The ratio of the force of 
friction to the weight of the block is 
called the coefficient of friction. 


force to overcome friction 


CF. weight 


160 


This definition applies only to hori- 
zontal molion. Suppose that the block 
weighs 100 Ib., and it needs a force of 
only 30 pounds to keep the block in 
uniform motion. Then the coefficient of 
friction is ġo, or 0.3. The coefficient of 
friction varies with the nature of the 
material and the degree of polish of the 
surface. The coefficient of friction of 
iron sliding on iron is less than that of 
wood sliding on wood. 

188. Fluid friction is less than 
solid friction. Everyone knows that 
an automobile “skids” more easily on 
a wet pavement than it does on one 
that is dry. We know that oil makes a 
machine run more easily. It is generally 
true that fluid friction is much less 
than solid friction. To show the differ- 
ence one might try rowing a boat in the 
water and then try to row the boat over 
the sand on the beach, 

While sliding friction is fairly inde- 
pendent of velocity, fluid friction varies 
greatly with the velocity. At moderate 
speeds fluid friction is nearly propor- 
tional to the square of the velocity. The 
railroad companies charge a higher fare 
on fast trains because it costs more to 
operate them at high speed. The air 
resistance increases with an increase of 
velocity. It is estimated that a modern 
automobile traveling 40 mi. per hr. 
uses over 77% of its fuel energy in over- 
coming air resistance. At 20 mi. per hr., 
the air resistance is only one-fourth ag 
much. A small ocean liner like the 
Media, which takes 7 days to cross the 
Atlantic, can afford to carry passengers 
at a lower rate than the large Queen 


Force to overcome friction 


—. 


Fig. 291, Measuring the force needed to 
overcome sliding friction, 
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Elizabeth, which makes the trip in 
4.5 days, despite the fact that the pas- 
sengers must be fed for nearly twice as 
many days. A destroyer may be only 
one-tenth as heavy as a modern battle- 
ship, but its engines must develop 
nearly as much horsepower, since its 
speed may be 15 or more knots greater. 

189. How can we increase fric- 
tion? The engineer of a locomotive 
sands the rails so that the drive wheels 
will not slip. Sand is used on streetcar 
tracks and.icy hills in winter. Chains 
are put on the rear wheels of automo- 
biles to enable the tires to “grip” the 
pavement without skidding. In various 
sports and occupations, men wear 
rubber-soled shoes or have the soles 
studded with “spikes” or “cleats” to 
prevent slipping. The violinist rosins 
his bow to increase friction, and a base- 
ball pitcher dips his fingers into a rosin 
bag to enable him to get a better grip 
on the ball. The brakes of automobiles 
are lined with material which has a 
high coefficient of friction. (See Figs. 
41 and 222.) 

190. How can we reduce friction? 
Several methods of reducing friction 
are in common use. To have a machine 
that is free-running and has little fric- 


Brake lining 
friction material 
Brake bands, / 


Fig. 222. Brake bands are lined with friction 
material. They stop a car by contracting around 


the brake drum, or by expanding against the 
inner rim of the drum, 
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Fig. 223. Ball bearings are used to reduce 
friction. 


tion, the manufacturer or the operator 
may do one or more of the following 
things: 

1. Polish the bearings. If a wheel is to 
turn easily on an axle, both the contact 
surfaces must be polished to a glass-like 
smoothness. The material, too, must be 
so hard that it will not wear away rap- 
idly or become grooved easily. 

2. Use anli-friction metals. When 
steel slides over an alloy of lead and 
antimony, the coefficient of friction is 
less than when steel slides on steel. 
Bearings are sometimes packed with 
such an alloy to reduce friction. The 


i 

à 

Courtesy of the Hyatt Roller Bearing Company 

Fig. 224. Flexible roller bearings are used to 
reduce friction. 


Rolling friction 
in this case may 
be greater than 

sliding friction 
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Fig. 225. Rolling friction in some cases is 
very great. 


alloy is known as anti-friction melal, 
and the process is called babbitting, 
from the inventor, Babbitt. 

3. Use ball bearings or roller bearings. 
The coefficient of friction of steel balls 
rolling on steel may be as low as 0.002, 
only about 0.01 as much as that of steel 
sliding on steel. We put casters on beds 
and other furniture to make use of 
rolling friction. (See Figs. 223 and 224.) 


Courtesy of the Timken Roller Bearing Company 


Fig. 226, The tapered roller bearing makes a 


strong bearing of low friction. 
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Tf one surface is soft, then rolling fric- 
tion may be high. A sled may slide over 
the snow more easily than a vehicle on 
wheels may be pulled through deep 
snow. Fig. 225 shows how a wheel 
which sinks deeply into soft earth en- 
counters great friction. As it advances, 
it has to break down continually a 
shoulder of earth. Tapered roller bear- 
ings, Fig. 226, are much used in auto- 
mobile bearings. They are especially 
strong in resisting sidewise thrusts. 

4. Use a lubricant. If oil, for exam- 
ple, is used as a lubricant, an oil film 
flows between the bearing surfaces, sep- 
arating them so that fluid friction is 
substituted for solid friction. The com- 
mon lubricants include oils, grease, 
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graphite, and wax. Paraffin and soap 
are good lubricants for wood. A good 
lubricant should have the following 
characteristics: (a) It must have just 
sufficient body so that it will not be 
squeezed out of the bearing by the 
weight of the parts. (b) It must not 
evaporate. (c) It must not corrode or 
rust the bearings. (d) It must be free 
from hard, gritty substances. (e) It 
should not be too much affected by 
temperature. It is possible to judge the 
viscosity of oils for use as lubricants 
by letting metal balls fall through tubes 
filled with the oils to be tested. The 
thickness of the oil can be judged by 
the amount of time it takes for the balls 
to fall through the different oil samples. 


Summary 


Motion may be rectilinear or curvilinear. Velocity is the rate of motion. 
Acceleration is the rate of change of velocity. 
If the acceleration is constant, velocity = acceleration X time; space 


passed over = 3 ať. 


The laws of accelerated motion apply to uniformly retarded motion. 
Freely falling bodies are uniformly accelerated. The acceleration, which 
is due to gravity, is approximately 980 cm. per second per second. 

The period of vibration of the pendulum is independent of the mass, 
material, or amplitude; it is directly proportional to the square root of 
the length, and inversely proportional to the square root of the accelera- 


tion due to gravity. 


Newton formulated three laws of motion: Every body continues in its 
state of rest or uniform motion in a straight line unless compelled by 
some external force to change that state. Rate of change of momentum 
1s proportional to the acting force and takes place in the direction in 


which the force acts. For every 
reaction, 


Momentum is the quantity of motion, 


mass times the velocity. 
Centrifugal force increases with 


the square of the velocity; 
curvature, 


f Friction, or the resistance to motion, 
in fluids. Lubricants are used to reduc 


action there is an equal and. opposite 


It equals the product of the 


s with the mass; it is directly proportional to 
1t is inversely proportional to the radius of 


is generally greater in solids than 
e friction. 
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How many of the following terms can you define or explain? 
Motion Laws of Reaction 
Velocity pendulum Centrifugal force 
Acceleration Oscillation Laws of 
Laws of accelerated Percussion centrifugal force 
motion Newton’s laws Friction 
Retarded motion of motion Gyroscope 
Laws of Momentum Coefficient of friction 
falling bodies Composition of Lubrication 
Pendulum velocities Rolling friction 
QUESTIONS 
1. When referring to a pendulum, what trate it graphically by means of a line with 


is meant by a vibration? By a period? By 
the amplitude? 

2. It a pendulum-controlled grand- 
father’s clock continually loses time, what 
adjustment should be made on the pendu- 
lum? Should the bob be raised or lowered? 

3. What causes a baseball bat to 
“sting” your hands? 

4. Tn order to impart great momentum 
to a heavy mass, what is necessary? What 
is needed in order to impart great momen- 
tum to a light mass? 

5. Why is it important to “follow 
through” when pitching a baseball? 

6. Why is the rear sight of a rifle raised 
when aiming at a distant target? 

7. Why is it exceedingly dangerous, 
and in some states unlawful, to drive an 
automobile down hill with the gears dis- 
engaged? 

8. A rope fastened to a hook can just 
support a weight of 50 Ib. Tf Henry and 
Paul pull at opposite ends of this rope 
when the weight is removed, how much 
must each pull to break the rope? Ex- 
plain. 

9. Why are the curves of modern high- 
speed highways banked? 

10. How do bicycles and motorcycles 
illustrate the principle of the gyroscope? 

1l. What is meant by a “sealed-in” 
lubricating system? 

12. If there were no friction, would it 
be possible to tie a knot in a piece of rope? 
Would it be possible to make the rope 
itself? Explain. 

13. What is wrong with the handle of a 
hammer or ax which “stings”? How may 
this difficulty be overcome? 

14. What three characteristics does a 
velocity have which enables you to illus- 


an arrow head at one end? Such a line is 
called a vector. Does a force have the same 
three characteristics? 

15. If a pilot wishes to fly westwardly, 
and there is a strong south wind blowing, 
he will point the nose of the plane slightly 
toward the south in order to maintain his 
westward direction of flight. Explain why 
this is necessary. 

16. Explain how Newton’s third law of 
motion is illustrated in a jet-propelled air- 
plane. Why do such planes run more effi- 
ciently at high altitudes? 

17. Explain why a mail sack dropped 
from a rapidly moving train will strike the 
ground in the same time as one dropped 
from a train standing in the station? 

18. What is the difference between cen- 
trifugal force and centripetal force? 

19. Frank is driving his car on a wet, 
winding road. The pavement is very slip- 
pery. When he approaches a curve, should 
he slow down, and gradually accelerate as 
he gets into the curve? Or should he brake 
the car if he gets into the curve and finds he 
is going too fast? 

90. How could you separate molasses 
from sugar crystals by using a centrifuge? 

91. If you attach a stone to a piece of 
string, and start the stone revolving, the 
faster it goes, the more pull there is on the 
string. Explain. 

22. Why is it possible. for bulldozers to 
clear land rapidly in almost any sort of 
terrain 

93. What is the best way to start an 
automobile moving when you are on ity 
pavement? 

24, What is the best way to apply your 
brakes to slow down your car on a long 
Continuously, or intermittently? 


164 


25. Why is it that gasoline consumption 
in an automobile increases so rapidly at 
speeds greater than about 35 mi. per hr.? 

26. Why is it important to keep the 
bearings of the electric motors which run 
your refrigerator, vacuum cleaner, or elec- 
tric razor properly lubricated? Will the 
same kind of lubricant be satisfactory for 
each of these motors? 

27. Which laws of motion are illustrated 
by a pendulum bob swinging to and fro? 

28. Why is rocket propulsion the only 
satisfactory means we know of for moving 
an object through outer space? Remember 
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that outer space is presumed to be a 
vacuum. 

29. How could a pendulum be used to 
measure the value of g, the acceleration of 
gravity? The value of gravity is an im- 
portant quantity in physics. Since it varies 
from place to place, it is important that 
the value of g be determined for each 
physics laboratory where advanced experi- 
ments are carried out. 

30. What is meant by the statement, 
“When pulling out of a dive, the pilot was 
subjected to a force of 5 g’s?”’ (Five times 
the force of gravity.) 


PROBLEMS 
Group A 


1. If a pendulum 25 cm. long vibrates 
once in one second, what will be the period 
of vibration of a pendulum 64 cm. long? 

2. In a laboratory experiment to de- 
termine the coefficient of friction, it re- 


quired 50 lb. of force to cause a block of 


wood weighing 150 lb. to slide across the 
desk. What is the coefficient, of friction? 

3. Compare the length of a pendulum 
which vibrates once per second with one 
which vibrates four times per second. 

4. What is the momentum of a rifle 
bullet, weighing 2 oz., if fired at a velocity 
of 2500 ft. per sec.? 


5. How far would an automobile have 
to fall in order to hit the earth with the 
same impact with which it hits an object 
when traveling at 45 mi. per hr.? 

6. If an airplane is flying with an air- 
speed of 220 mi. per hr. into a headwind of 
15 mi. per hr., what is the speed of the 
plane with respect to the ground? 

7. A railroad car weighs 40 tons. If a 
force of 160 lb. is needed to keep the car 
moving, what is the coefficient of friction? 
“8. If a force of 25 Ib, is needed to pull a 
sled weighing 250 lb. over the ice, what is 
the coefficient of friction? 


Group B 


9. What is the length of a pendulum 
whose time of vibration is 2 sec.? (Use g 
= 980 cm. per sec. per sec.) 

10. What is the period of a pendulum 
4 ft. long? (Use g = 32 ft. per sec. per sec.) 

11. An airplane is flying east with a ve- 
locity of 180 mi. per hr. If there is a north 
wind blowing at 10 mi. per hr., calculate 
the resultant velocity. 

12. Calculate the centrifugal force in 
dynes of a ball having a mass of 25 g. 
swung with a Velocity of 800 cm. per sec. 
at the end of a string 100 om, long. 

13. If at Denver a pendulum 100 cm. 
long vibrates with a period of 2.0065 sec. 
what is the value of 9, gravity? i 


ON N 


14. An automobile weighs 3500 Ib. In 
order to accelerate it at the rate of 8 ft. per 
Sec. persec., what force will be required? 

15. Assume that your automobile weighs 
3000 lb. What is the centrifugal force, in 
pounds, of the automobile when it is round: 
ing a curve which has a radius of 500 ft. 
and when the car is going at the rate of 
45 mi. per hr.? 

16. A pilot weighing 150 lb. power dives 
toward the earth at 400 mi. per hr. If he 
pulls out of the dive in a circular path 
whose radius is 2500 ft., what is the cen- 
trifugal force in pounds? How many times 
greater is this than the force of gravity on 
the pilot? 


WORK — 
POWER—ENERGY 


PARE Avil ES Ww 


Unit Four 


itfi POWER, AND ENERGY ARE THREE OF THE MOST 
important subjects in mechanics. When we speak of 
work in the usual sense of the word, we mean physical or 
mental exertion. It may involve motion, or it may not. 
Many of you may think that exerting a force is work. You 
might call it work to keep an automobile from rolling back- 
ward. We speak of “working” a problem. But these do not 
fit the physicist’s definition of work. To him, work is a com- 
bination of a force, and the motion which that force pro- 
duces on an object. Work is accomplished when a force is 
exerted over a certain distance. Holding back an automobile 
is not work, but pushing it with a force sufficient to cause 
it to move any distance is. The units in which work is 
measured carry out this idea. Work is measured in foot- 
pounds in the English system, and in dyne-centimeters or 
ergs in the metric system. Both of these are combinations of 
force units and distance units. 

Power as a physical concept was first well defined through 
the work of James Watt, a Scottish scientist, who lived 
during the eighteenth century. Power was the rate of doing 
work, but what should be taken as a standard rate? In 
Watt’s time the common source of energy was the horse. 
So he chose the rate at which a horse would work as his unit 
of power. But how fast was that? Watt determined to find 
out. He conducted an experiment with an English dray 
horse. The results of his experiment showed that an aver- 
age horse could work at the rate of 550 foot-pounds per 
second. This rate of doing work is now called a horsepower, 
because it actually is the power of a horse. For a few seconds 
it is entirely possible for a man to work at the same rate as a 
horse. But at this rate the man tires rapidly. For continued. 
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work, it has been shown that it takes seven men to do about 
the same work in a given time as one horse. The unit of 
power in the metric system, the watt, is named in honor of 
James Watt for his contributions to this part of the science 
of physics. 
We are an 


grain. With the invention of the steam engine vast quan- 
tities of energy became available, and the industrial reyo- 


ducing goods. The development of electricity made it easy 
to transport energy from place to place. No longer did fac- 
tories have to be located near water for either power or for 
producing steam. Some attempts have been made to use the 
energy from the tides, or the abundant energy which comes 


an opportunity to witness the development of so great a 
source of energy as that stored up in the tiny atoms of which 
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Unit Four 


Chapter 7 LL 


Work — Power — Energy 
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191. Workis an accomplishment. 
If you hold a bag of cement weighing 
94 lb. on your shoulder all day long, 
you are merely exerting a force. In the 
scientific sense you are not doing any 
work. You do work when you put the 
bag of cement on your shoulder, or 
carry it up a flight of stairs. When the 
crane shown in Fig. 227 lifts ore from 
the lake barge to transfer it to the wait- 
ing railroad cars, it does work. If it 
just holds ore in its clamshell scoop, 
it is exerting a force, but no work is 
done. If a force acts upon a body and 
moves it, it does work upon the body. 

192. How is work measured? In 
measuring work, we consider two fac- 
tors: force and distance. The amount of 
work done is equal to the product of 
force limes distance, 


W = Fs. 


If either force or distance is zero, no 
work is done. We will study the English 
and metric units of work separately. 

l. English units. If one pound of 
force acts through a distance of one 
foot, it does one fool-pound of work. 
This unit of work almost defines it- 
self, (See Fig. 229.) A man who weighs 
160 Ib. does 1600 ft.-lb. of work in 


` 


climbing a flight of stairs 10 ft. high. 
He lifts his own weight 10 ft. against 
the force of gravity. When an object is 
lifted vertically, the amount of work 
done is always equal to the weight of 
the object times the vertical height 
through which it is lifted. The reason 
for this is apparent, since one must use 
a force of 100 Ib. to lift a weight of 
100 lb. The ore unloader of Fig. 228 
works rapidly, since it can remove 15 
tons of ore per bucketful. Boats con- 
taining 13,000 tons of iron ore have 
been unloaded in 4.5 hours. 

If we drag a trunk weighing 150 Ib. 
across a platform 20 ft. long, the 
amount of work done is less than the 
product of the weight and the distance. 
To slide the trunk, all the force that is 
necessary is to overcome the friction. 
Suppose that the coefficient of friction 
is 0.3, then the force needed to keep the 
trunk moving is 45 Ib. (0.3 X 150). 
The amount of work done is therefore 
equal to the force (45 1b.) X the dis- 
tance (20 ft.), or 900 ft.-lb. (See Fig. 
230.) To carry the same trunk up a 
flight of stairs 20 ft. high, one would 
have to do 3000 ft-lb. of work. In all 
cases, work is the product of force 
times distance through which it moves. 


Vocabulary ee ee er ee, 


Evrney, the capacity for doing work. 
Work, the product of force times distance. 
Power, the rate of doing work. 


HoRrsEPOWER, 550 foot-pounds per second. y 
f work, a dyne-centi- 


meter. 
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Ena, the metric unit o 


aa of the Wdlman Engir 


mpery 
unload from 10,000 to 12,000 tons of iron ore in four or five hour 


Fig. 227. Such sigentic cranes 


iron ore in 30 min., and then start the 
sitel centers like Gary, oF to Lake Erie s unloaded for ship 


ir journey southward to 
ment to Pittsburgh, 


One ft. Ib. of work 
is done in lifting 
one pound one foot 


Fig. 229. Work done in lifting a weight equals 
weight times vertical distance. 

2. Metric units. If the force is meas- 
ured in dynes, and the distance in 
centimeters, the product, which repre- 
sents the work, is in ergs. If a force 
_ of one dyne acts through a distance of 
one centimeter, one erg is the amount 
of work done. If we measure the force 
in newtons, and the distance in meters, 
the work will be given in joules. This 
unit, which is named for the English 
physicist, James Prescott Joule, equals 
10,000,000 ergs, or 107 ergs. A force 
of one newton, acting through a dis- 
tance of one meter, does one joule of 
work. 

Here again we must be careful to dis- 
tinguish between a gram of mass and a 


193. What is power? Too often we 
think of work as anything which makes 
om tired, but we know that the term 

work” cannot be so used in physics. 
We shall also need to revise our con- 
cept of the word “power.” We speak 
of a “Powerful” man when we mean 
that he is strong and capable of exert- 
mg great force. In physics we consider 
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A force of 45 ib. acts through 
lasagne 20 E | CONS 
a weight 
Work done = 900 R D. = 


se 


BUBUMEHOUUMFET eS eaee 


Fig. 230. It takes less work to slide a weight 
a given distance than it does to lift it an equal 


gram-weight of force. Sometimes a 
gram-centimeter may be used as the 
amount of work done when a gram- 
weight is lifted through one centimeter. 
At the latitude of New York City, one 
gram-centimeter equals 980 ergs. In a 
similar fashion a kilogram-meter may 
be used. The kilowatt-hour and the 
calorie are other units of work. 


2. Power 


the rate of doing work when we use the 
term “power.” 

When we speak of “force,” we are 
interested in one magnitude only, be- 
cause force is independent of both dis- 
lance and lime. We must consider two 
things when we speak of “work”: force 
and distance. Work is independent of 
time. A man does the same amount of 
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work when he climbs a flight of stairs 
in one minute that he does if he climbs 
the same flight of stairs in one hour, 
but he does not use the same amount of 
power. Power depends upon three fac- 
lors: the force exerted, the distance the 
force moves, and the time required. We 
may define power as the rate of doing 
work. (See Fig. 231.) 

194. How is power measured? In 
a series of experiments, James Watt, 
the inventor of the steam engine, found 
that an English dray horse could con- 
tinue for a reasonable length of time to 
work at the rate of 550 ft.-lb per sec. In 
the English system, the horsepower is 
the unit of power; it is equal to 550 ft.- 
Ib. per sec., or 33,000 ft.-lb. per min. 
The modern railroad locomotive has a 
horsepower of from 2000 to 6000. (See 
Fig. 232.) Some automobile engines de- 
velop more than 100 horsepower. The 
airplane used by Milton Reynolds was 
powered by two Wasp engines of 2100 
hp. each. The power of the average 
man is about 78 ft.-lb. per sec. It is 
true that almost any adult person can 
work at the rate of one horsepower for 
a few seconds. A boy who weighs 110 
lb. could probably run up a flight of 
stairs 20 ft. high in 4 sec. That means 


Courtesy of the Pennsylvania Railroad 
Fig. 232. This two-unit Diesel-electric locomotive operates at 6000 horsepower and pulls long, 


crack passenger trains at a fast, steady pace. Diesel-electric units are replacing steam locomotives in 
both passenger and freight service. What reasons can you give for this replacement? 


that he is developing one horsepower. 
He might possibly climb a second 
flight of stairs at the same rate. Do you 
think that he could continue to run at 
the same rate up ten flights? 

In the metric system the watt and 
the kilowatt are used as unils for 
measuring power. The watt is equal to 
one joule per second. The kilowalt equals 
1000 walls. The horsepower (hp.) 18 
equal to 746 watts. Hence the horse- 
power is approximately ? of a kilowatt. 
For example, a 15-kw. engine is about 
20 hp. A 100-hp. engine can lift a 
car weighing 4000 Ib. to a height of 
825 ft. in one minute. The kilowatt 
is most generally used as a power unit 
in measuring electricity. 


_ total work in ft.-Ib. 


hp. 550 X time in sec.’ °% 
Fs 
hp. = 5501" 


Prosiem. What horsepower engine is re- 
quired to hoist 100 tons of coal per hr. from 
a mine 200 ft. deep? 

Solution. 

_ total work done (in ft. 


-Ib.) 
= - Then, 
p 550 X time in seconds 


_ 100 X 2000 X 200 


550X60 X 60 
20.2 hp. 


; the answer is 
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oe James Watt (1736-1819) is generally considered the inventor of the steam engine. 
A improved the old Newcomen engine by adding valves to make it double acting. He built the 
rst compound engine. His inventions include the governor, the water and steam gauges, and the 
steam hammer. He started experimenting when a mere boy. 


PROBLEMS 


Group A 


1. James lifts a 94-Ib. bag of cement 4 ft. 
to load it onto his truck. How much work 
does he do? 

2. A small hoist is used to raise 100 kg. 
toa height of 2 m. What work is done? 

3. What work was done by a power 
shovel which raised 1000 Lb. of earth to a 
height of 10 ft.? If it did this work in 5 sec., 
what horsepower was used? 

H 4. The elevator in the Empire State 
Building makes the ascent to the 80th floor 
in50 sec. If the height is 989 ft., what horse- 
Hide is used to lift a 150-lb. man to this 


5, If an ore bucket raised 10 tons of ore 
to a height of 30 ft. in 15 sec., what horse- 
power was required? (See Fig. 228.) 

6. An elevator in a garage lifts an auto- 
mobile weighing 14 tons from the first to 
the third floor, a distance of 45 ft. in 
1 minute. What horsepower motor is re- 
quired? 

7. What horsepower is used by a pump 
which delivers 30 gallons of gasoline per 
minute into the tank of your automobile? 
The outlet hose of the pump is 20 ft. above 
the level of the gasoline in the storage tank. 
One gallon of gasoline weighs 5.5 1b. 


Group B 


Ge How much work is done in raising à 
i er 12 ft. long to a vertical position, if 
he ladder weighs 35 1b.? 
9. How many gallons of water will be 
pumped from a well 20 ft. deep by a 2 hp. 


motor in 1 minute? One gallon of water 
weighs 8 lb. 

10. What force is exerted by an auto- 
mobile engine which develops 100 hp. in 
moving the car at 60 mi. per hr.? 


Fig. 234. The farm tractor is used extensivel 
evenly, has greater strength, and has to be 


11. Assume that each inhabitant of a 
city of 400,000 population uses 25 gallons 
of water every day. If this water must be 
raised to a reservoir which is located 400 
ft. above the river from which it is ob- 
tained, what horsepower engines must be 
used in the operation? 

12. If the coefficient of friction is 0.02, 
what horsepower will be required to move a 
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Courtesy of Allis-Chalmers Manufacturing Co. 


y for pulling farm machinery. It travels faster, pulls 
“fed” only when it is running. 


railroad car which weighs 50 tons at the 
rate of 45 mi. per hr.? d 

13. In transferring oil from a railroad 
tank car to a storage tank, assume that it 
must be raised to a height of 25 ft. What 
horsepower will be required to empty a 
tank car which contains 8000 gallons of oil 


in 30 minutes? (The specific gravity of oil 
is 0.9.) 


3. Energy 


195. What is energy? We have al- 
ready defined energy as the capacily for 
doing work. Flowing water has energy 
because the pull of gravity has given it 
velocity. Wind is a si 
Waves and tides, too, have energy. An 
inanimate body has energy, provided 
work has been done in lifting it to an 
elevated position or in imparting to it 
velocity. In the first case it has energy 
of position. In the second case it has 
energy due to its momentum. 


milar example. 


The heat energy that we derive from 
our foods enables us to do work. Heat 
may convert water into steam. Be- 
cause steam has expansive force, it is 
able to exert pressure and do work. 
Physics also deals with energy which 
is obtained from electricity or light. 

196. What kinds of mechanical 
energy are there? Energy, in me- 
chanics, is of two distinct kinds, kinetic 
and potential. Kinetic energy is the 
energy of motion. A body has kinetic 
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energy because of its velocity. A mov- 
ing cannon ball, strong winds, falling 
and running water are all examples of 
kinetic energy. Potential energy is stored 
energy, or energy of position. A rock 
resting on a precipice has potential 
energy; if it falls over the edge, its 
energy becomes kinetic. A coiled spring 
has potential energy. Work was done 
in winding the spring; as it unwinds, its 
energy becomes kinetic. Gasoline has 
potential energy. When a mixture of 
gasoline vapor and air explodes, it is 
capable of doing work. If we pull a 
heavy pendulum bob to one side, we 
are storing up potential energy as we 
lift the bob against gravity. As the bob 
swings downward and forward, the 
potential energy becomes kinetic. The 
kinetic energy released is sufficient to 
carry the bob upward again on the 
opposite side, thus storing up more 
potential energy. It is possible to 
change kinetic energy to potential, and 
vice versa. 

«197. How is energy measured? 
Since energy is the capacity for doing 
work, then the work units can also be 
used to measure energy. For example, 
we do 120 ft.Ib. of work in lifting 
40 Ib. to a table 3 ft. high. The weight 
in its elevated position has acquired 
120 ft.-Ib. of potential energy. Tn fall- 
ing a distance of 3 ft., this stored 
energy could do 120 ft.-lb. of work. 
(See Fig. 235.) 

Potential energy equals the product 
of the weight multiplied by the height, 


P.E: = wh. 


If the weight is expressed in pounds 
and the distance in feet, the potential 
energy will be expressed in foot-pounds. 

If the metric system is used, with the 
Mass in grams and the height or dis- 
tance in centimeters, the potential 
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energy in ergs is given by, 
P.E. = mgh, 


where g is the acceleration due to grav- 
ity, 980 cm. per sec. per sec. 

If the velocity of the body is given, 
its kinetic energy may be found by the 
use of the following formula: 


K.E. (in ergs) = 4 mV”. 
The above formula is derived from 
the formulas P.E. = mghand V = V 2gs. 


s and h both represent distance. From 
V = V 2gs, we get 


y? 
s 3g 
Substituting, 
K.E. = mg X lw 
i Zg 


Or, K.E-= 4 mV”. 


Prosrem. A bullet having a mass of 50 
g. moves with a velocity of 1000 meters 
per second. Find its kinetic energy in ergs. 

Solution. Substituting in the formula, 
K.E. = 4 mV?, we have the following: 


K.E. =25 X (100,000)?, or 250,000,000,000 


ergs. 
In the English system, 
y2 
KE. =“ 
2g 


120 ft. Ib. 
of potential 


ig. 235. Potential energy equals weight times 
a height. As the weight falls, its energy 


becomes kinetic. 
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Courtesy of the Bureau of Reclamation 


Fig. 236. The Grand Coulee Dam is the biggest thing on earth made by man. The crest length is 
4300 ft., and the height is 553 ft. Six million cubic yards of concrete were used. 


The kinetic energy will be given in foot- 
pounds, when w is expressed in pounds, 
V in feet per second, and g is the accel- 
eration due to gravity, 32 fect per 
second per second. 

198. Energy can be transformed. 
We have seen that kinetic energy can 
be changed into potential energy, and 
Vice versa. Heat can be transformed 
into mechanical energy, and mechani- 
cal energy into electrical. Electrical 
energy may be changed into mechani- 
cal, heat, or light energy. Let us use a 
concrete example. Heat from the sun 
evaporates water. Some of this vapor 
may fall as rain into Lake Erie. Its 
potential energy is transformed into 
Kinetic as the water flows down the Ni- 
agara River to the Falls. The trans- 
formation continues as it passes 
through the turbines, spinning the 
large wheels, and producing mechani- 
cal energy. The turbines turn genera- 
tors which produce electrical energy. 
This electricity is transmitted to vari- 
ous places, where it is used for light- 
ing, heating, or the mechanical work of 


turning motors. In these cases heat 
energy may be set free, either to do use- 
ful work or to overcome friction. The 
water passing into Lake Ontario may 
be evaporated by the heat energy of 
the sun, to begin anew the energy 
transformations. The sun really is the 
source of the energy. In all these 
ordinary transformations the total 
amount of energy is unchanged. The 
fact that energy may be transformed 
in this manner, but is not destroyed, 
has been called the law of conservation 
of energy. 

199. Matter and energy are inter- 
changeable. The tremendous energy 
available from nuclear reactions comes 
from the destruction of atoms which 
make up matter. Matter is thus con- 
verted into energy. Physicists have 
also found that on a very small scale, 
energy will produce particles of matter. 
What really is constant in the universe, 
as we understand it today, is the sum 
of matter and energy. We have to com- 
bine the old laws of conservation of 
matter and of conservation of energy 


Philip D. Gendreau, N.Y. 


on of an atomic bomb raised this 
eight of a mile above Bikini Lagoon. 


explosion at Bikini. The explosi 
t its base to a h 


The Baker Day atomic bomb 
column of water 2,000 feet across a 


urtesy of the United States Army 


ombarded by radioactive 
d use in medicine, plant 
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hich is produced may fin 
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material, The artificially rad 
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into one new law which states that 
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malter and energy are interchangeable; which is constant in the universe. 


Summary 


When a force acts upon a body and produces motion, work is done 
upon that body. The erg and the joule are the metric units of work. 
Sometimes the gram-centimeter and the kilogram-meter are also used, 
with the understanding that it is a gram-weight, or kilogram-weight 
of force that is employed. The foot-pound is the English unit of work. 

Power is the rate of doing work. The horsepower, watt, and kilowatt 
are the units of power. The horsepower equals 550 ft.-lb. per second. 

Energy is the capacity for doing work. The units of work are used to 
measure energy. Energy may be transformed in practically any manner. 
While the quantity of energy remains constant in ordinary transforma- 
tions, matter and energy are interchangeable on an atomic scale. 

In dealing with force, we consider magnitude only; with work, we 
consider both magnitude and distance; with power, we consider mag- 


it is the total of both matter and energy 


nitude, distance, and time. 


How many of the following terms can you define or explain? 


Units of work 


Units of power 


Kinetic energy 


Erg Horsepower Potential energy 
Joule Watt Measurement of energy 
Foot-pound Kilowatt Transformations of energy 
PROBLEMS 
Group A 


l. Niagara Falls is 167 ft. high. What is 
the potential energy of 10 cu. ft. of water 
at the top of the falls? 

2. What is the kinetic energy in joules 
of a 49-kg. bomb which strikes the earth 
with a velocity of 50 m. per sec.) 

3. A pile driver weighs 1000 Ib. Tt falls 
5 ft. before striking the pile. If the earth’s 


resistance is 10,000 Ib., how far is the pile 
driven into the earth? 

4. A 500-lb. iron ball is dropped from a 
height of 4 ft. in order to break up a con- 
crete road. What potential energy was 
possessed by the ball? Assuming that it 
drops as a freely falling body, with what 
velocity will it strike the road? 


Group B 


5. How many cubic feet of water per 
second are required to Operate one of the 
115,000 hp. generators at Hoover Dam? 
The dam is 726 ft. high. 

6. How many joules of work are done in 
raising a metric ton to a height of 5 m.) If 


this is done in 20 sec., what is the power in 
kilowatts? What is the potential energy of 
the weight in ergs? 


7. An automobile weighing 3000 Ib. 
moves at 45 mi. per hr. What is its kinetic 
energy in foot-pounds? Calculate its 
momentum, 

8. A mine is 150 m. deep. If an engine 
can hoist 200 metric tons of coal from this 
mine in 10 hr., what is the rating of the 
engine in kilowatts? What horsepower is 
this? 
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Unit Five 


P HAVE PROBABLY HEARD PEOPLE SAY THAT WE LIVE 
in “The Machine Age.” It is undoubtedly true that 
machines play a larger part in the world’s activities today 
than ever before in history. For it was not until the early 
nineteenth century in England, and after 1860 in the United 
States, that machines began to transform industry. The in- 
vention of the steam engine is generally considered one of 
the great factors in the development of the use of machines. 
It gave a new means of providing energy for use in factories, 
and a new method of locomotion for both trains and ships. 
But the steam engine was not the only new development. 
Many inventions to improve the weaving of cloth made their 
appearance, among them the cotton gin and spinning jenny. 
New methods of producing iron and steel, as well as ceramic 
materials also appeared. Today we have so many complex 
machines that it is impossible to number or describe them all. 


ings pass change the direction of the force you exert. You 
pull down on the ropes to pull the awnt 
chines may be used for more than one of these purposes. 

Complex machines would be very difficult to study, if they 
could not be resolved into simple parts. There are six so- 
called simple machines which you will study in this unit. 


Other machines are simply modifications of one of these 
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simple machines, or combinations of two or more of them. 
The six simple machines are the lever, the pulley, the wheel 
and axle, the inclined plane, the wedge, and the screw. You 
will find that they really belong to two families, the lever 
family, and the inclined plane family. These machines are 
very old. All of them were known to the ancient Greeks. 
The wheel is an invention of the Bronze Age, 2000 years 
before the birth of Christ. You have learned about me- 
chanical advantage in connection with the hydraulic press. 
Here you will find out how the mechanical advantage of 
these simple machines and any combinations of them may 
be obtained. 

It is impossible to get more energy from an ordinary ma- 
chine than we put into it. We may use machines to multiply 
force, but we do so at the expense of speed. We may use 
machines to multiply speed, but we do so at the expense of 
force. The principle of the law of conservation of energy 
still rigidly applies to ordinary machines. In fact, with all 
ordinary machines we obtain less energy than we put into 
them. Some energy is always wasted as heat caused by fric- 
tion. We also must use energy to move the parts of the 
machine we have built. The comparison of the amount of 
useful work we obtain from a machine with the amount of 
work we put into a machine is known as the efficiency. Some 
levers, if they are balanced and mounted on low-friction 
bearings, may have an efficiency higher than 90%. But the 
wedge, which depends on friction for so much of its useful- 
ness, may have an efficiency of only 10%. 

The development of machines has brought us many ad- 
vantages in better working conditions, shorter hours, and 
as aes standard of living. However, it also has brought 

problems whose solutions men are still striving to find. 
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4. Definitions — Principles 


200. Why do men invent ma- 
chines? Man has used some sort of 
crude machines to help him with his 
work from very early times. Without 
them, he could hardly have been able 
to combat the forces of nature or con- 
quer the wild beasts of the forests. Our 
modern civilization depends upon ma- 
chines to perform many tasks. We have 
found that machines do jobs better, 
faster, and more cheaply. Man uses 
some machines to transform energy. The 
dynamo, for example, changes mechan- 
ical energy into electrical energy- The 
steam engine transforms heat energy 
into mechanical energy. The energy 
of flowing water is transformed into 
electrical energy by hydro-electric 
turbines. Man often uses machines to 
transfer energy from one place to an- 
other. 

A nail that cannot be pulled with 
the fingers may be drawn with a claw 
hammer used as a lever. By means ofa 
jack, the axle of an automobile may 
be lifted so that the wheel and tire can 


Vocabulary 

Macuinn, a device to transfer or transform 
energy. 

Mrcuanican ADVANTAGE, the advantage of 
force or speed gained by the use of a 
machine, 


Erricrency, the ratio of the useful work ac- 

p complished to the total work expended. 
ENStocK, a tube or conduit for conducting 
water to a turbine- 


Machines 


be removed. Two men wish to hoist a 
piano to the second floor of a house. If 
either one were strong enough, he 
might carry it upstairs. Instead they 
arrange a system of pulleys called a 
“block and tackle” by means of which 
the piano can be hoisted with less force. 
In all these cases, a machine has been 
used to multiply man’s rather feeble 
force. One important use of machines is 
to multiply force or effort. Since in every 
case the time has been increased, we 
gain. effort at the sacrifice of time or 
speed. 

A bicycle is a machine used fo gain 
speed. In this case we gain speed by 
increasing our effort. If we try to ride 
a bicycle uphill we become aware of the 
fact that we are gaining speed by in- 
creased effort. It is impossible to gain 
both force and speed at the same time. 
The bones of the forearm are levers 
used to gain speed. We conclude that 
machines are used by man to multiply 


speed. 
To put up a flag on a tall pole, one 


Cam, a projection on one side of a rotating 
wheel designed to impart motion to a roller 


in contact with the edge of the wheel. 


RECIPROCATING, backward and forward, or to 


and fro, as distinguished from rotary. 
Grape, the ratio of the height of an incline 

ADE, 

to its length. $ 
MICROMETER, 4 device used to make linear 

measurements with great accuracy. 
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could climb the pole and carry the flag 
with him. It is much more convenient, 
however, to have a pulley at the top 
of the pole, and a rope twice the 
length of the pole. Then one can stand 
on the ground and pull the flag up by 
means of the rope. He must pull down- 
ward with a force of 1 Ib. for every 
pound the flag weighs. Hence this 
single pulley as a machine does not 
mulliply force. He must shorten the 
rope one foot for every foot the flag 
is raised; hence the pulley does not 
multiply speed. Such a machine is used 
only as a convenience to change direc- 
tion. The pulley clothes line, the 
pulley for lifting awnings, and many 
similar devices, are other examples of 
machines used to change direction. 
The farmer who wishes to use a team 
of horses to lift hay up into a mow 
would have difficulty in getting his 
horses up into the mow to pull upward. 
He would find it difficult to hitch his 
horses to a rope so that they could pull 
downward. By the use of two or three 
fixed pulleys, fastened to the rafters 
and along the post by the side of the 
barn door, the horses can pull hori- 
zontally while the hay moves upward. 

201. What are the simple ma- 
chines? Six simple machines are usu- 
ally discussed in physics: the lever; the 
pulley; the wheel and axle; the inclined 
plane; the screw; and the wedge. Other 
machines are either modifications of 
one of these simple machines or com- 
binations of two or more of them. It is 
also quite easy to show that the pulley 
and the wheel and axle are really levers, 
and that the wedge and the screw are 
inclined planes, 

202. What is mechanical advan- 
tage? In Section 42 we learned that a 
machine has a mechanical advantage 
of 5, if by its use 1 Ib. of effort can 
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counterbalance 5 lb. of resistance. In 
all the simple machines we shall use the 
term mechanical advantage frequently. 
There are two ways in which this me- 
chanical advantage can be found. 1. By 
the use of a spring balance, the acting 
force, E, can be measured and also the 
resisting force, R. Then the mechanical 


R Acre a 
advantage equals p Prov iding friction 


is neglected. 2. With a ruler we may 
measure the distance the effort moves, 
De, and also the distance the resistance 
moves, Dy. In this case, the mechanical 


advantage equals = In dealing with 
Tr 


mechanical advantage we always as- 
sume that the parts of the machine 
have no weight and that there is no 
friction. Of course, such an assumption 
is theoretical; it tells us what a machine 
should do under ideal conditions. 

203. What is the general law of 
machines? In the preceding section, 
we had two statements for mechanical 
advantage. Both are equal to each 
other. Then, 

B= De, Or, E x De = R X Dr. 
In all frictionless machines, the effort 
multiplied by the distance the effort moves 
equals the resistance multiplied by the 
distance the resistance moves. This state- 
ment is known as the Law of Machines. 

The effort times the distance it 
moves equals the work put into the 
machine, or input. The resistance times 
the distance it moves equals the work 
accomplished by the machine, or its 
output. If we neglect friction and weight 
of parts, input equals output. 

204. What is efficiency? When a 
man rides a bicycle up a hill, he must 
lift his own weight and also that of the 
bicycle the vertical height of the hill. 
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Lifting the bicycle is really useless 
work. No machine ever runs without 
some friction. Overcoming friction 
wastes work. Hence, input is always 
greater than output. In practice, we 
are more interested in what a machine 
actually does than in what it should do 
theoretically. We are concerned with 
the useful work that is accomplished. 
The efficiency of a machine is the ratio of 
the useful work accomplished to the total 
work eapended. Or, 
i useful work 
Efficiency = total work 

When efficiency is considered, input 
equals useful work plus friction. Effi- 
ciency is usually expressed in per cent. 
Tf a pupil solves 8 problems out of 10 
correctly, his efficiency is 80%. If a 
machine has a total input of 1000 ft.- 
b., and its useful output is only 800 ft.- 


2. The 


205. The lever is a machine. When 
a man rows a boat, he uses the oars a8 
levers. We see a man using a crowbar 
to lift a heavy load. He is using the 
same kind of a lever Archimedes would 
have used to lift the earth. The can 
opener, the broom, and the shovel are 
levers used around the house. The lever 
consists of a rigid bar free to turn 
about a fixed point called the fulcrum. 
The fulcrum is essentially the center 0 
moments, and the effort and resistance 
act upon the arms of the lever as they 
tend to produce rotation in opposite 
directions. In using the lever, We make 
use of the principle of moments. 

206. How can we calculate the 
mechanical advantage of the lever? 
In Fig, 237 we shall use the letter F to 
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lb., the machine is working at an effi- 
ciency of 80%. 

Suppose that an effort of 40 lb. 
moves 20 ft. along an inclined plane 
and in so doing lifts a weight of 180 1b. 
to a height of 4 ft. The useful work 
done equals 4 X 180, or 720 ft.-lb. The 
total work equals 40 X 20, or 800 ft.-lb. 
Then the efficiency equals $38; divid- 
ing, we get a quotient of 0.90, or 90%. 

If we have a machine which has 
a mechanical advantage of 5, a force 
of 20 Ib. should support a weight of 
100 Ib. If actual experiment shows that 
it takes 25 Ib. to support 100 lb., then 
the efficiency of the machine is $2, or 
80%. The additional 5 Ib. of force re- 
quired to counterpoise the weight of 
the machine itself represents wasted 
effort. In some machines the work 
wasted may exceed the useful work. 


Lever 


represent the fulcrum of the lever ER. 
At E the effort acts upon the arm EF 
as it tends to produce counter-clockwise 
rotation. The resistance R acts upon 
the arm RF as it tends to produce 
clockwise rotation. While the effort 
moves from the point E to EF’, the re- 
sistance will move from R to R’. But the 
distance EE! RR! =EF:RF. Hence 
it follows that the distances moved by 
the effort and resistance are propor- 
R 

6ft Fulcrum A 


a 2ft 
HGE 
\ Effort arm 27” Resistance arm 
\ oor 
A a. 


r 
ead MA=$,or3 
ge 


Fig. 237. Mechanical advantage of the lever. 


tional to the lengths of the arms upon 
which they act. In all frictionless ma- 


chines, 


= De, 
M.A. =. D, 
In all kinds of levers, 
EF 
M.A. = RF’ 


or the length of the effort arm divided 
by the length of the resistance arm. If 
EF is 6 ft. long, and RF is only 2 ft. 
long, then the mechanical advantage 
is 3. 

207. What are the classes of 
levers? 1. With a lever it is possible to 
have the effort act at or near one end. 
The resistance is placed at the opposite 
end of the lever, and the fulcrum is be- 
tween the two. (See Fig. 238.) Such a 
lever is known as a first-class lever. Such 
a lever may be used to gain speed, to 
gain force, or to change direction. The 
beam balance, Fig. 239, is a common 
example of a lever of this class. If such 
a balance is well constructed, the two 
arms are of equal length and the light, 
rigid beam rests upon a very hard, 
knife-edged fulcrum. Accurate weigh- 
ings can be made with such a balance, 
If EF exceeds RF in length, we have a 
mechanical advantage of force. The 
pump handle of Fig, 101 is a common 
example. The mechanical advantage 
is more than one, because the effort 
arm exceeds in length the resistance 
arm. The tinner’s shears of Fig. 240 
furnish another example, Sometimes 
a first-class lever is used to gain speed, 
Then the effort arm is shorter than the 
resistance arm. The force advantage is 
a fraction in such cases, Paper shears, 


Fulcrum may be at 
point between E ant 
R “lk E 


Fig. 238. The first-class lever, 
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Fig. 239. The beam balance is a first-class lever, 


or thosé used by a tailor, are examples. 
(See Fig. 241.) 

2. Sometimes the effort is applied at 
one end of a lever and the fulcrum is at 
the other end. The resistance is placed 
between the effort and the fulcrum. 
(See Fig. 242.) Such a lever is known 
as a second-class lever. In a wheel- 
barrow, the axle of the wheel is the 
fulcrum. The effort is applied at the 
ends of the handles, and the load or 
resistance is between the two. (See 
Fig. 243.) Since the effort arm of a 
second-class lever is the whole lever, 
and the resistance arm is only a part 
of the lever, HF is always greater than 
RF. The mechanical advantage of such 
a lever is always more than one. The 
nutcracker and the baggage-truck are 
other examples of this class of lever- 


Fulcrum 
j 


Effort ~ 


Fig. 240. Tinner's shears have long handles and 
short blades, 
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Resistance 


Effort 


fig, 241. Paper shears have short handles and 
long blades. 


If two boys carry a load on a pole 
between them, we may consider the 
pole a second-class lever and one of the 
boys the fulcrum. Then it is easy to 
find the force which the second boy 
must use to lift the load. 

3. When we lift a weight on the 
hand, we use the forearm as a third- 
class lever. The fulcrum is at the elbow. 
The resistance is at the other end of 
the lever, on the hand, and the tendons 
attached to the bones of the forearm 
act as the effort. (See Fig 244.) This 
lever differs from the second-class lever 
in one way only. The positions of the 
effort and resistance have been inter- 
changed. (See Fig. 245.) The resistance 
arm is longer than the effort arm; hence 
the resistance must move faster than 
the effort. Such a lever is used to gain 
speed. Of course we gain speed by 
sacrificing force. A fork, a shovel, or a 
broom’ may be used as a third-class 
lever; sometimes they are used as first- 
class levers. We find it very hard to 
open a door by pushing near the hinge. 
The resistance is concentrated al the 
center of gravity of the door, and we 
have been using a third-class lever. The 
door opens much more easily when we 
push near the other edge of the door, 
using a second-class lever, but the 

and must move farther. 


The resistance R may be placed 
anywhere between F and E 


F [R] E 
mÈ 


Fig. 242. The second-class lever. 


Fig. 243. The wheelbarrow is a second-class 
lever. 


x208. How is a lever affected by its 
own weight? In the preceding section, 
we neglected the weight of the lever. In 
practice, the weight of the lever must 
be considered. We must keep in mind 
that the lever acts as if all its weight 
were concentrated at its center of gravity. 

In Fig. 246, the uniform bar AB is 
12 ft. long; its weight is 60 lb. At B, 
2 ft. from the fulcrum, there is a 
resistance of 300 lb. We wish to find 
what effort at A is needed to produce 
equilibrium. The resistance moment 
equals 2 X 300, or 600. It acts clock- 
wise. The effort moment equals 10 X x, 
or 10g; its direction is counter-clock- 
wise. But the weight of the lever, 60 1b., 
acting at its center of gravity, 4 ft. 
from the fulcrum, is really producing 
a counter-clockwise moment and help- 
ing the effort. The sum of the two 
counter-clockwise moments is 10x 
+ (4 X 60). This sum equals the clock- 
wise moment, 600. From the equation, 
102+ 240 = 600, we find that x = 36 
lb., the effort needed at A. 


Fulcrum 
Fig. 244. The forearm is a lever that is much 


used to gain speed. 
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The effort may be applied 
anywhere between R and F 
E 
F [R] 


Fig. 245. The third-class lever, 


In Fig. 247 the weight of the lever 
hinders the effort, since it acts in a 
counter-clockwise direction, the same 
as the resistance. The lever ÆF has the 
fulerum at the end F, and the effort is 
applied at the other end Æ. The lever, 
which is 12 ft. long, weighs 60 lb. A 
resistance of 300 Ib. is applied at R, 


A loft. Fulcrum B 
o 
o 
Center of 4 2ft. | § 
s gravity | 4ft È 
fa i 3 
b= 
XIb. 601 AN 


sE 


b. 
Weight of lever Eae 


Fig. 246. The weight of this lever acts as a 
counter-clockwise moment and aids the effort. 
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2 ft. from the fulcrum. We wish to find 
the effort needed at Æ to secure equi- 
librium. The resistance moment, 
2 X 300, or 600, and the weight mo- 
ment, 6 X 60, or 360, are both acting 
in a counter-clockwise direction. Their 
sum is 960. The effort moment, 12 X z, 
or 122, acts clockwise. Therefore 
12x = 960, and x = 80 1b., the effort 
needed at E. A lever acts as if all its 
weight were concentrated at its center of 
gravily; its weight-moment equals its 
weight multiplied by the distance from 
the center of gravity to the fulerum. 
XIb. 


E E is applied 12 ft. from F 
Center of gravity is located 6 ft. from F 


Center of 
gravity 


baane 


60 Ib. 
Weight of lever 300 1b. 


Fig. 247, The weight of this lever hinders the 
effort, 


QUESTIONS 


1, Name the three chief uses of machines. 

2: What are the two ways of determining 
mechanical advantage? Which is the more 
accurate method? How do you determine 
the efficiency of a machine? 

3. What is the position of the effort, 
the fulcrum, and the resistance of each of 


lever? Why? 


5. To get a great mechanical 
€ e advantage 
of speed witha third-class ley 2 
the effort be applied) perst 
6. Show how it is possible to i 
mechanical advantage of effort NSN 


class lever. How can you obtain a mechani- 
cal advantage of speed? 

7. Isit possible for a machine to have an 
efficiency greater than 100%? Explain. 


Fig. 248, Where are the effort, resistance, and 
fulcrum located in this lever? 
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PROBLEMS 
Group A 


1, Anbar is 10 ft. long, with the oar lock 
2 ft. from the handle. If Harry pulls with 
a force of 30 lb. on each of a pair of these 
oars, what force moves the boat through 
the water) 

2. John is using his screwdriver to open a 
can of paint. The distance from the edge of 
the blade to the pivot point against the 
rim of the can is 4 in., while the effort 
of 10 Ib. is exerted 8 in. from this pivot 
point. What is the force prying open the 
can) 

3. If 300 ft.-lb. of work are put into a 
machine, and the output is 250 ft.-lb., what 
is the efficiency of the machine? 

4, A plank 10 ft. long is used as a first- 


class lever. If the fulcrum is 2 ft. from the 
resistance of 200 1b., what force must be 
applied? What is the mechanical advantage 
of this lever? 

5. It takes a force of 40 lb. to lift a 
loaded wheelbarrow. If the handles of the 
wheelbarrow are 4 ft. long, and the loaded 
wheelbarrow weighs 80 lb., how far is the 
center of gravity from the wheel? What is 
the mechanical advantage of the wheel- 
barrow? 

6. Frank’s forearm is 12 in. long. If his 
muscle is attached 1 in. below the elbow, 
what force must he exert to lift an 8 oz. 
ball? What is the mechanical advantage 
of speed? 


Group B 


7. The handle of the exhaust pump 
shown in Fig. 84 is 10 in. long. The short arm 
of this lever, which is attached to the piston 
rod, is 4 in. long, and the piston is 2 in. in 
diameter. The difference in pressure on the 
two sides of the piston is 10 lb. per sq. in. 
What force must be applied to the handle? 

8. A uniform bar 4 m. long weighs 40 
kg. If a weight of 25 kg. is placed on 
one end of the bar, where must the fulcrum 
be placed to produce equilibrium? 

„9. One end of the moving beam of an 
oil well pump is attached to the engine, 
while the other end is attached to the pis- 
ton rod of the pump. The beam is 12 ft. 
long, and pivoted 7 ft. from the engine. If 
an eccentric on the engine shaft causes the 
beam to move through a vertical distance 
of 2 ft., through what vertical distance 1s 
the piston rod moved? 


10. A beam weighing 300 lb. is shoved 
along a platform with a crowbar, 4 ft. long. 
It is inserted 2 in. under the beam each 
time. If the coefficient of friction is 0.3, 
what force must be applied to the end of 
the crowbar? 

11. Robert has a fishing pole which is 12 
feet long. It weighs 6 lb. and its center of 
gravity is 3 ft. from the handle. One of his 
hands at the end of the pole acts as the ful- 
crum, while his other hand, which is 1 ft. 
from the end, acts as the effort. What force 
does Robert need in order to pull a 5-lb. 
fish out of the water? 

12. A uniform bar is 10 m. long. It 
weighs 200 kg. From one end is suspended 
a weight of 150 kg., while from the other 
a weight of 100 kg. is hung. Where must 
the fulcrum be located in order to produce 


equilibrium? 


3. The Pulley 


209. What is a pulley? The simple 
Machine known as the pulley consists 
of a wheel, usually grooved, and 80 
mounted in a frame or block that it 
May turn readily upon a fixed axis. 


The frame may be made of metal or of 
wood. Two or more wheels may be 
mounted in the same frame, either on 
the same axis, as in Fig. 249, or on 
different axes, as in Fig. 250. When two 


or more wheels are mounted in the same 
block, the pulley is said to have two 
or more sheaves. For the sake of clear- 
ness, we shall use pulleys of the type 
shown in Fig. 250 in diagrams, although 
those of the type shown in Fig. 249 
are more often used in actual practice. 

210. Where are pulleys used? The 
cords that support our windows pass 
over fixed pulleys in the window frame. 
We use a pulley to raise flags, awnings, 
and some window shades. Men use a 
combination of ropes and pulleys for 
putting hay into a mow. The painter 
uses pulleys to raise or lower the lad- 
ders he uses as a platform. An elevator 
cable passes over a pulley to a drum, 
upon which the cable is wound as the 
elevator is lifted. The moving van is 
equipped with a block and tackle, 
which is a system of pulleys, for use in 
lifting heavy pieces of furniture to the 
upper floors of a dwelling. 

211. Asinglefixed pulley'is a first- 
class lever. Refer to Fig. 251. Note 


Fig. 249. Pulley, with Fig. 250. Pul 

fhrea shearer al on three ce” Each 
esame axle, A com. = 

oy one has a* different 
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that the arms EF and RF are equal; 
hence the mechanical advantage is one, 
When 1 lb. pulls downward at A 
through a distance of 1 ft., a resistance 
of 1 lb. at B is raised 1 ft. A single fixed 
pulley gains neither force nor speed; 
its purpose is to change the direction 
in which a force is applied. 

212. A single movable pulley is 
a second-class lever. Referring to 
Fig. 252, note that the effort Æ acts 
upon the arm EF, which is the diam- 
eter of the pulley. The resistance R acts 
upon the arm RF, which is the radius 
of the pulley. Since the diameter is 
twice the radius, the mechanical ad- 
vantage of the single movable pulley 
is two. When the effort at A moves 
2 ft., the resistance at B is lifted 1 ft. 
If we fasten both ends of the cord, it 
is evident that each point of support 
bears one-half the weight. 

213. How are pulleys combined? 
It is possible to have many different 
combinations of fixed and movable 
pulleys. We shall consider two cases, 
in both of which the cord or rope is 
continuous. Of course the effort is ap- 
plied to one end of the cord, and the 
other end may be attached: 1. To the 
movable block. 2. To the fixed block. 


Fulcrum 


m 
a 
Effort 


m 


Resistance 


Fig. 251. Single fixed Fig. 252. Single mov- 
Pulley. Mechanical able pulley. Mechani 
advantage is one. cal advantage is two- 
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1, To the movable block. Let us refer 
to Fig. 253. One end of the cord is at- 
tached to the movable block, passes up 
over a fixed pulley, down over a mov- 
able one, then over a second fixed 
pulley, and so on. The effort, E, must 
pull downward a distance of 5 ft. to 
lift the resistance, R, a height of 1 ft. 
Hence the mechanical advantage is 5, 
exaclly equal to the number of strands 
supporting the movable block. The strand 
of cord to which the effort is attached 
does not support the movable block. 
It does not increase the mechanical 
advantage, but merely changes direc- 
tion. 

2. To the fixed block. If we refer to 
Fig. 254, we see that one end of the 
cord is attached to the fixed block, 
and that the number of strands sup- 
porting the movable block is four. The 
last strand, to which the effort is at- 
tached, merely changes direction. If 
we let the letter n represent the num- 
ber of strands supporting the movable 
block in a pulley system, then the 
pulley formula becomes 


En= R. 


It may help the memory if we note 
that the mechanical advantage is al- 
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ways an odd number when the end of 
the cord is attached to the movable 
block. In the arrangement shown in 
Fig. 253, the mechanical advantage is 
five. The mechanical advantage is 
an even number when the end of the 
cord is attached to the fixed block. 
With the arrangement shown in Fig. 
254, the mechanical advantage is four. 


Mechanical 
advantage 
of five 


Mechanical 
advantage 
of four 


Five strands Fig. 254. Four strands 
movable support the movable 
block. 


Fig. 253. 
support th 
block. 


4. The Wheel and Axle 


214. Of what does the wheel 
and axle consist? At some time you 
probably tried to open a door and 
found that the door knob had been re- 
moved. If you tried to turn the square 
bolt without the knob, you found it 
difficult, and gained a greater appre- 
ciation of the mechanical advantage 
given by this common example of the 


wheel and axle. The effort is applied to 
the circumference of the knob, and the 
resisting spring is applied to the cir- 
cumference of the axle. Since the cir- 
cumference of the knob is greater than 
the circumference of the axle, the 
mechanical advantage is one of force, 
because De is greater than Dr. 

We notice that the simple machine 
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known as the wheel and arle consists 
of a wheel or crank rigidly attached to 
the axle which turns with it. The pupil 
must not confuse it with a wheel turn- 
ing on an axle, like the front wheel of 
an automobile, which is not an appli- 
cation of this simple machine. The 
steering wheel of a car is an example, 
because the shaft to which the wheel 
is attached turns whenever one turns 
the wheel. 

Let us refer to Fig. 255. We have 
two wheels of unequal diameter fas- 
tened together so that they can turn 
around the axis, F. In one revolution, 
the effort, E, travels a distance equal 
to the circumference, C, of the wheel. 
In the same time, the resistance, R, 
will travel a distance equal to the cir- 
cumference, ¢, of the axle. Since 
De=C, and D,=c, then the me- 
chanical advantage, M.A., of the 
wheel and axle equals G/c. Instead of 
the expression, 

M.A. = circumference of wheel 

circumference of axle 
we may use either of the following 
expressions: 
M.A, = “iameter of wheel 


diameter of axle’ °™ 
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Fig. 255. Wheel and I 
tek eeri E E e. Both turn on same 
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Fig. 256. The capstan finds use in hoisting 
anchors. 


radius of wheel 
M.A. = radius of axle ` 


The reason is obvious, for the circum- 
ferences of the two wheels are directly 
proportional to their diameters or to 
their radii. 


Prostem. A force of 100 Ib. is applied to 
the rim of a wheel 2 ft. in diameter, What 
resistance can be counterbalanced upon the 
axle, which has a diameter of 4 inches? 

Solution. The M.A. of this wheel and 

diameter of wheel (24 in.) 
pale cers diameter of axle (4 in.) 
Since the machine has a mechanical ad- 
vantage of 6, then 100 Ib. of force can 
counterbalance a resistance of 600 1b. 


215. What are some applications 
of the wheel and axle? The capstan 
used for hoisting the anchor of a ship 
is an example of the wheel and axle in 
which the effort is applied at the ends 
of several levers. (See Fig. 256.) The 
windlass used for lifting water from 
wells is another example of the wheel 


Resistance 
applied to 
circumference 
of axle 


Fig. 257, The windlass is used for vertical 
hoisting, 
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and axle. As the crank of Fig. 257 is 
turned, the rope is wound upon the 
axle, thus lifting the bucket and con- 
tents. The hoisting derrick works on 
the same principle, and also the steer- 
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ing wheels of motorboats and auto- 
mobiles. In the kitchen, we find the 
wheel-and-axle principle applied in the 
meat chopper, the egg beater, the coffee 
grinder, and the grinding wheel. 


5. The Inclined Plane 


216. How are the inclined plane 
and the ramp used? We see men 
wheeling loads up an inclined gang- 
plank, pushing weights up inclined 
planks to load motor trucks, and build- 
ing ramps for use in stadiums, or for 
driving automobiles to the upper floors 
of garages for parking. In all these 
cases, it requires less effort to pull or 
push a resistance up the inclined sur- 
face than it does to lift it vertically. Of 
course, the effort has to travel the 
whole length of the plane in order to 
lift a load the height of the plane, if the 
force is applied parallel to the plane. (See 
Fig. 258.) Since De is the length l of 
the plane and D, is the height h, then 
the 

` length of plane l, 
MA. = height of plane’ ™ h 


Theoretically, 1 1b. of effort will push 
a weight of 5 lb. up an inclined plane 
20 ft. long and 4 ft. high. Or, 


Resistance : effort = length : height. 


Pronte. An inclined plane is 18 ft. long 
and 2 ft. high. What force will be needed to 
keep a weight of 2000 Ib. from sliding down 
the plane, if we neglect friction? 

Solution. R: E = l: h. By substitution, 
2000: E = 18 :2, Whence, E = 222.2 Ib. 
2 by analysis, we find that the M.A. = 


j of 9. When one has a mechanical ad- 


Vantage of 9, it will require #99°%, Or 222.2 
. to counterbalance 2000 1b. 
A team of horses, pulling a log up in- 
clined skids to a wagon, walks along 


the ground, and their pull is parallel 
to the base of the plane. Hence, 


base of plane 


MA. = height of plane | 


Other cases may occur where it is in- 
convenient to apply the effort parallel to 
the plane; then it must be applied par- 
allel to the base or at some other angle. 

217. How do we calculate grade? 
We know that the advantage of the 
inclined plane becomes greater as the 
slope is made more gentle. Engineers 
use the term “grade” to express the 
ratio of the height of an incline to its 
length. A hill that rises 5 ft. in 100 ft. 
of its length has a grade of 5%; if it 
rises 3 ft. in 100 ft. of its length, its 
grade is 3%. This is about the maxi- 
mum grade for a good road; hence, in 
mountain regions the roads often wind 
about the mountain in a long spiral in 
order to reduce the grade. Railroads 
make use of the inclined plane in over- 
coming steep grades. (See Fig. 259.) 
Near Altoona, Pa., the Pennsylvania 
Railroad makes the broad “Horseshoe 
Curve” as it winds its way across the 
Appalachian Mountains. 


Resistance 


Effort 


Fig. 258. The inclined piane is a much used 
simple machine. 


Courtesy of the Santa Fe Raitway 


Fig. 259. Railroads use the principle of the inclined plane to overcome steep grades, 


6. The Wedge 


218. What is a wedge? The wedge 
is really a double inclined plane, Since 
friction plays so important a part in 
its use, it is difficult to state any ac- 
curate law governing its mechanical 
advantage. Of course, the longer the 
wedge in proportion to its thickness, 
the easier itis todrive the wedge against 
any resistance; hence its mechanical 
advantage depends upon the ratio of its 
length to its thickness, (See Fig. 260.) 

The uses to which the wedge is put 


vary widely. Farmers use the wedge 
for splitting rails and posts. Nails, 
pins, and needles all act as wedges 
when they are pushed or driven 
through some resisting object. Cutting 
tools of nearly all kinds are wedges. 


Fig. 260. The wedge is a double inclined plane. 


QUESTIONS 


1. What type of machine operates the 
valve which controls the flow of fuel gas or 
kerosene to a Stove? 

2. Why is it easier to turn large screws 
with a brace and screwdriver bit, than 
with a large Screwdriver) 

3. Show that a single fixed or movable 
pulley is a lever, 


4. What. types of machines are incor- 


porated in a simple can-opener? What types 
are used in a crank type can-opener? et 
5. Why do plumbers use long-hand a 
wrenches for tightening pipe connections 
6. Explain why the wheel and axle is a 
form ret eee enol 
7. Why are gently sloping ra easier 
to climb Ahan a flight of steps? What kind of 
machine do both of these represent? 
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PROBLEMS 


Group A 


1, Draw a system of fixed and movable 
pulleys so arranged that 1 lb. will counter- 
balance 4 lb. 

2. Arrange two triple-sheave pulleys so 
that they give a mechanical advantage of 6. 

3. A weight of 200 lb. is to be raised 
using a pulley system. The maximum force 
which can be exerted is 60 lb. At least how 
many strands of rope must support the 
movable block? 

4. Charles and Fred are raising a weight 
of 1200 lb. by means of a windlass. If the 
wheel is 2 ft. in diameter, and the axle is 
2 in. in diameter, what force must each 
apply? 

5. A plank 10 ft. long rests against a 
platform 3 ft. high, Neglecting friction, 
what force is needed to roll a barrel weigh- 
ing 150 lb. up this inclined plane? 


6. A screwdriver has a blade 0.25 in. 
wide and a handle 1 in. in diameter. What 
is its mechanical advantage? 

7. A crank handle 10 in. long is con- 
nected to a shaft having a radius of } in. 
If a force of 30 lb. is required to raise a 
weight of 1000 1b., what is the efficiency of 
this machine? 

8. An inclined plane 20 ft. long has one 
end 4 ft. higher than the other. What is the 
theoretical mechanical advantage? If it re- 
quires an effort of 50 lb. to roll a loaded 
hand truck up the plane, what is the weight 
of the truck? 

9. How much force must be exerted to 
push an automobile weighing 3000 lb. up a 
2% grade? If the rear wheels are 24 in. in 
diameter, and the axle is 2 in. in diameter, 
what force must be applied to the axle? 


Group B 


10. A block and tackle is arranged so 
that 5 strands support the movable block. 
How much work does a man do in raising a 
weight attached to the block a distance of 
2 ft., if he exerts a force of 75 lb.? If the 
weight is 300 Ib., what useful work was 
done? Calculate the efficiency of the block 
and tackle. 

1l. An inclined plane 15 ft. long is 
placed against a platform 3 ft. high. Neg- 
lecting friction, how many foot-pounds of 
work does a man theoretically do in rolling 
a truck weighing 300 Ib. up onto the plat- 
form? If he actually exerts a force of 80 lb. 
in rolling the truck onto the platform, how 
much work does he do? What horsepower 
is used if he does this in 15 sec.? What is 
the efficiency of the inclined plane? 


12. Six strands support the movable 
block of a block and tackle. If the block 
weighs 30 lb., and a load of 420 lb. is to be 
raised, what force theoretically should be 
exerted) If a force of 90 lb. is required, what 
is the actual mechanical advantage? What 
is the efficiency? (Remember that efficiency 
is useful work divided by total work.) 

13, A 20-hp. engine works with an 
efficiency of 75%. How many tons of coal 
can this engine raise from a mine 500 ft. 
deep in one hour? 

14, Two men each exert 100 Ib. of force 
on a wheel 20 in. in diameter. What load 
can they raise if the axle has a radius of 
2 in.) If they each work at the rate of 4 
horsepower, how long will it take to raise 
this load 150 ft.? 


7. The Screw 


219, What type of machine is a 
Screw? Let us cut a sheet of paper m 
the shape of a right triangle and wind 
it on a pencil as shown in Fig. 261. 


This makes it easy to see that the screw 
is really an inclined plane wound upon 
a cylinder. The distance between the 
threads is called the interval, or the 
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Hypotenuse of plane forms 

thread of screw as inclined 

plane is wound on an axis. 
if 


Fig. 261. The screw is an inclined plane wound 
ona cylinder. 
pitch of the screw. The effort is often 
applied at one end of a lever which 
is set in the head of the screw, although 
it may be applied to a screwdriver 
set in a groove of the head, or to a 
wrench which is attached to the head. 
(See Fig. 262.) While the effort de- 
scribes a complete circle, the head and 
axis of the screw make one complete 
turn, and the resistance moves a dis- 
tance equal to the pitch of the screw. 
Then, : 

Nie circumference 

~ pitch of screw 


If we let r equal the length of the 
lever, and d the pitch of the screw, 
then we find that 


2rr 
M.A, = TA 


Threads & 
of screw-- X 


Fig. 262. Either 


type of head 
with a jackscrew. Bee) nr” ne saad 
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Prostem. The lever of a screw is 21 in, 
long. If the screw has 4 threads to the inch, 
find the M.A. of the machine. Neglecting 
friction, what effort is needed to lift 40,000 
lb.? 


: _2er 2 & 3.14 x 2 
Solution. M.A. = qo Ne Ss 


(Since there are 4 threads to the inch, the 
pitch is 0.25 in.) M.A. = 527.5. To lift 


40,000 
40,000 1b., an effort of 5275? 75.65 1b., 


is needed. 


220. What are some uses of the 
screw? Bolts, nuts, and screws of all 
kinds are examples of this simple ma- 
chine. When the threads on a bolt are 
cut so that the nut must be turned in a 
clockwise direction as it is tightened, 
the screw is said to be a right-handed 
one. When the nut must be turned in a 
counter-clockwise direction to tighten 
it, the screw or thread is said to be left- 
handed. (See Fig. 263.) The letter press 
and the vise are examples of the screw. 
The jackscrew, which is used for lifting 
buildings and other heavy objects, is a 
screw having a very high mechanical 
advantage. For measuring the thick- 
ness of paper and foil, or for finding the 
diameter of wire, a fine-threaded screw 
may be used. Fig. 264 shows the 
spherometer. The head of the screw is 
divided into 50 or 100 parts. If the 
threads are 1 mm. apart and the head 
is divided into 100 parts, it is evident 
that the point of the screw advances 


Left-handed 


Right-handed 
V-cut thread 


square-cut thread 


Fig. 263. Right- and left-handed screws 
Square-cut and V-cut threads. 
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only 0.01 mm. when the head is turned 
from one division to an adjacent one. 

The micrometer caliper of Fig. 265 
is used in a similar manner. By its use 
a skilled mechanic can turn a shaft in 
a lathe to a required diameter within 
afew thousandths of an inch. It can be 
used to find the diameter of hair or 
wire, or the thickness of a sheet of 
paper. 

221. How efficient are simple 
machines? It is impossible to find any 
machine which is 100% efficient, be- 


Head has 
_-7100 divisions 


head by 
one division 
moves point 

of screw 

0.01 mm. 


Fig. 264, The spherometer is used for accurate 
Measurements, 
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cause we cannot eliminate either fric- 
tion or the weight of the parts of the 
machine. In the various types of levers, 
the efficiency may be nearly 100%, be- 
cause friction is small. The efficiency 
of the block and tackle is usually not 
more than 60%. The rigidity of the 
ropes, the friction of the sheaves, and 
the weight of the movable block are 
all factors which tend to reduce the 
efficiency of this simple machine. If 
the surface of an inclined plane is very 
smooth and hard, the efficiency of the 
plane may be as high as 90%. Friction 
plays so important a part in the use 
of the wedge that it is almost impossi- 
ble to estimate its efficiency. Although 
the jackscrew has a very high mechan- 
ical advantage, yet the friction is so 
great that its efficiency is low, possibly 
not more than 25%. 


One complete turn 
of head opens or 
closes caliper 0.025 in. 


Fig. 265. The micrometer is used to measure 
to thousandths of an inch. 


8. Compound Machines 


222. What is a compound ma- 
chine? Many complicated-looking ma- 
chines are found to be a combination of 
two or more simple machines. A meat 
chopper has a crank which works on 
the principle of the wheel and axle as 
it turns a screw which forces the meat 
Into wedge-shaped knives. In Fig. 266 
we have a safe which weighs 4000 Ib. 
to be lifted to the floor. A gangplank 
20 ft. long leads to the floor, which is 
4 ft. high. The M.A. of the plane is 5, 


but an effort of 800 Ib. is still required 
to pull the safe up the plank. If we at- 
tach movable pulleys to the safe and 
fixed pulleys to the post, we have a 
pulley system which has a mechanical 
advantage of 5. Hence it will take 160 
lb. of effort applied to the rope to pull 
the safe up the incline. The total M.A. 
of the two machines is 5 X 5, or 25. 
In nearly all cases of compound ma- 
chines, the total mechanical advantage 
is the product of the separate mechanical 
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Fig. 266, The M.A. of a compound machine is usually the product of the M.A.’s of all the simple 


machines of which it is composed, 


advantages. If one machine multiplies 
the effort by 5 and a second machine 
multiplies the effort by 5, then both 
acting together will multiply it by 25. 

*223. How does a train of gear 
wheels work? Let us refer to Fig. 267, 
which shows a train of gear wheels of 
high mechanical advantage. The effort 
is applied at A, which makes one revo- 
lution in the same time as its axle B; 
but wheel C makes only that fraction 
of a revolution which is equal to 


number of cogs in B 
number of cogs in G` 


The wheel F, too, will revolve only 
a fraction as rapidly as D. The wheels 
A and Gare essentially wheel and axle, 


Fig. 267. A train of Sear 
Figs. 824 and 827-830, "els See also 


Therefore, the total mechanical ad- 
vantage equals 
radius of A _ No. of cogs in C 
radius of G ^ No. of cogs in B 


No. of cogs in F. 
No. of cogs in D 


Gear wheels are much used to vary 
speed. Suppose a wheel that has 32 
gear teeth is in mesh with another 
wheel that has only 8 teeth, or cogs. 
If we apply an effort to the first one, 
we gain speed, since the second one will 
make four revolutions to one of the 
first. If we apply the effort to the sec- 
ond wheel, we gain force, and have an 
M.A. of 4. In clocks and meters, we 
use a train of gear wheels for timing or 
for measuring. In many machines we 


32 teeth: 
Speed is just one 
half that of the 
. Small wheel. 

RNY 


16 teeth. 
Two revolutions 
to one of large 

wheel. 


Fig. 268, Gears are used to vary speed. 
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J ~~Wheel 30 inches 
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Effort applied to pedal moves 
2x7x 3.14, or 44 in. 


Rear wheel moves 4 x 30 x 3.14, 
or almost 31.5 ft. 


in diameter 


Fig. 269. The bicycle has a mechanical advantage of speed. 


use gear wheels to vary speed. (See 
Fig. 268.) 

In a bicycle, the sprocket wheels on 
separate shafts are connected by a 
chain. In Fig. 269, the front sprocket 
wheel has 28 teeth and the rear one 
only 7. Hence, for one complete revolu- 
tion of the pedals, the rear wheel of the 
bicycle will make four complete revo- 
lutions. 

When an automobile driver shifts 
gears, he slides one gear wheel back- 
ward or forward until it is in mesh with 
a gear wheel on a countershaft whose 
speed is controlled by the speed of the 
crankshaft of the engine. Since the 
sliding gears and the countershaft 
gears have different numbers of teeth, 
the speed can be easily varied. (See 
Figs. 824 and 827-830.) 

*224. How does the worm wheel 
work? In this compound machine, the 
effort is applied to turn an endless 
screw, such as shown in Fig. 270. If 
there are 50 teeth in the wheel, then 
one complete turn of the worm or end- 
less serew turns the wheel through 1/50 
of a revolution. The resistance is ap- 
plied to the axle. If we let J represent 
the length of the crank lever upon 
which the effort acts, n the number of 
teeth in the wheel, and r the radius of 


the axle, then the mechanical advan- 
tage of the worm wheel is equal to H, 


Certain motor trucks and trolley 
wheels are worm-driven. The worm is 
turned by the engine or motor and the 
cogwheel drives the axle. 

x225. What is the differential 
pulley? This compound machine con- 
sists of two wheels of unequal diameter, 
both fastened together and turning on 
the same axis. An endless chain con- 
nects the two wheels with a movable 
pulley. (See Fig. 271.) The endless 
chain is made of links which fit pro- 
jections in the rims of the pulley wheels 
so that slipping is prevented. 


Fig. 270. The worm gear has a high mechanical 
advantage. 
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While the effort, E, shortens the 
chain by winding on the wheel A a 
length of chain equal to its circumfer- 
ence, C, a length of chain equal to the 
circumference, c, of the wheel B is un- 
wound. The chain is thus shortened a 
distance equal to C —c, but the re- 
sistance, which is attached to the mov- 
able pulley, is lifted a distance equal to 
4(C —c). Therefore, De equals C, and 
Dr equals 4(C — c). Whence, 


2C 
C-¢ 
Fig. 272 shows a commercial type of 
pulley. The differential pulley finds use 
in garages, boathouses, and in machine 
shops for hoisting heavy objects It 
has a very high mechanical advantage, 
but its efliciency is low. 

*226. The power shovel is a use- 
ful machine. We see this compound 
machine everywhere. (See Fig. 273.) It 
is used to excavate for foundations, to 
make cuts or fills along railroad beds, 
to dig canals or dredge waterways, to 
scoop up ore, coal, and crushed rock 
and load them on freight cars, or to 


M.A. = 


Fig. 273. The power shovel is used for excavating, 


m Effort 


Fig. 271. Diagram of Fig. 272. Commercial 
differential pulley. differential pulley. 


strip off the surface layers of earthy 
material that are found covering beds 
of coal or iron ore. The buckets are 
sometimes large enough to hold 6 to 
8cu. yd. of material. How many simple 
machines can you find in the picture? 


Courtesy of the Marion Steam Shovel Company 


building roads, and in mining operations. 
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9. The Windmill—The Water Wheel 


Courtesy of the Aermotor Corporation 
Fig. 274. The windmill is used to pump water 
for farm animals. 

227. How does the windmill 
work? No picture of Holland seems to 
be complete without cows, tulips, and 
windmills. In this machine the kinetic 


Water supply 


Water falls through 
_ diameter of wheel 


energy of the wind is used to perform 
various kinds of work, especially the 
pumping of water. The blades are so 
set in the wheel that the force of the 
wind is resolved into two components, 
one of them causing the wheel to ro- 
tate rapidly. The large vane keeps the 
wheel so turned that it will be at the 
correct angle to the direction from which 
the wind is blowing. (See Fig. 274.) 

228. How do water wheels work? 
Overshot type. Scattered throughout the 
country one finds a number of these 
old-fashioned mill wheels. (See Fig. 
275.) They make use of the potential 
energy of water. The amount of work 
put into such a machine is equal to 
the weight of water flowing over the 
wheel times the distance the water 
falls, which is equal to the diameter of 
the wheel. If the supply of water is 
not very great and the fall is con- 
siderable, such wheels may have an 
efficiency as high as 80%. 

*Undershot type. This water wheel 
uses the kinetic energy of running 
water. It finds use where the supply of 
water is abundant and the fall is not 
very great. Its efficiency is usually 
about 25%. The breast-lype wheel is a 
modification that uses both the poten- 
tial and kinetic energy of water. 


Water strikes 

curved blades 

at almost z 
right angles-7^ 


Fig. 275. The overshot water wheel is used in 
old mills, 


N z 
Fig. 276. The Pelton water wheel is efficient. 


ES 
198 MACHIN 


Courtesy of the Pelton Water Wheel Company 
Fig. 277. The Pelton water wheel is designed to utilize the energy from water power and transform 


it into mechanical or electrical energy. The efficiency is high because the water strikes the cup-like 
blades at the proper angle. 

229. What is the Pelton water high as 80%, because a stream of 
wheel? This modification of the under- water is directed from a nozzle at a 
shot wheel may give an efficiency as high velocity against the cup-like 
Water blades. (See Fig. 276.) A large Pelton 
supply py wheel designed for generating electric- 
ity is shown in Fig 277. 

The water motor works on the same 
principle as the Pelton wheel. If the 
pressure is fairly high, such a motor 
attached to a water faucet furnishes 
enough power to operate small lathes, 
grinding wheels, polishing wheels, and 
other appliances. 


Turbine ; 
shaft Turbine 
‘case 


Fig. Fig. 279. The fixed blades direct the water 


278. How a turbine is installed, against the movable blades. 
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Courtesy of the General Electric Company 


Fig. 280. The energy from the so-called “white coal” pent up behind Hoover Dam is used to 
generate electricity. Fifteen of the hydro-electric generators are each capable of developing 


115,000 hp. Two generators are of smaller size. 


230, How does the modern water 
turbine work? In large hydro-electric 
installations, the turbine, which was 
invented in France in 1833, finds ex- 
tensive use. The runner of such a tur- 
bine wheel is mounted on a vertical 
axis in a turbine case, which recelves 
water under high pressure by means of 


a penstock. (See Fig. 278.) A set of 
fixed blades in the turbine case directs 
the water against the blades of the 
wheel at right angles, or nearly so. 
(See Fig. 279.) A water turbine may 
have an efficiency of about 90%. A 
large hydro-electric installation, used 
at Hoover Dam, is shown in Fig. 280. 


10. Power Transmission 


231. How can power be trans- 
mitted? If one looks around a machine 
shop, he observes two types of ma- 


chines: 1. Driven machines; 2. Driving, 
or “power” machines. How are the 
“power” machines connected with the 


Driving 


wheel Driven 


wheel 
Fig. 281. Both wheels turn in the same direction. 


driven machines, such as lathes, plan- 
ers, grinding and polishing wheels, and 
saws? Several methods are in use. In 
the older shops, belts and pulleys were 
much used. If a belt is used as shown 
in Fig. 281, both the drive wheel and 
the driven wheel will turn in the same 
direction. If the belt is twisted, as in 
Fig. 282, then the wheels turn in oppo- 
site directions. The ratio of the speeds 
at which belt wheels rotate is inversely 
proportional to the circumferences or 
diameters of the wheels. For example, 
if wheel A has a diameter of 10 in. and 
wheel B a diameter of 5 in., then B will 
make two revolutions while A is mak- 
ing one. 

Tn a study of the bicycle, we learn 
that a chain is used to transmit the 
power from one sprocket wheel to 
another. We have also learned that 
Westinghouse used compressed air to 
transmit the power to the brakes. It is 
‘possible, too, to use a train of gear 
wheels for power transmission. In most 
modern shops, electric motors are used 
to drive the machines. The power is 
transmitted to the motors from the 


7 LE) 


Driven 


Driving wheel 


wheel 
Fig. 289. With such a belt transmission, the 


driving wheel and the d i 
©pposite directions, (Ne is 
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electric generators by the use of in- 
sulated electric cables. 

The power may also come from a 
steam engine or a gascline engine. In 
the automobile, the power from the en- 
gine is transmitted through the clutch, 
the transmission gears, the drive shaft, 
and the differential to the rear axle, 
(See Figs. 824-833.) 

232. Why do we have cams or 
eccentrics? In the transmission of 
power, it is very often desirable to 
change a rotary motion into a to-and-fro 
motion, or vice versa. To accomplish 
this purpose, we use a cam or eccentric. 
Let us refer to Fig. 283 in our study of 
the cam. If the circular shaft shown at 
A rotates, it slides around under the 
vertical rod, but it does not move it up 
and down at all. The shaft at B has a 
projection on one side, which lifts the 
rod as it slides past the end and lets it 
spring back after it has passed. Thus 
the rod moves up and down as the 
shaft rotates. Such a device is called a 
cam. Because the projection is off 
center, it is sometimes called an eccen- 
tric, from the Latin ex, from, and 
centrum, center. 

It would be most awkward to try to 


Rod is lifted 
Rod with and spring is 
coiled spring compressed 


GTi 


Fig. 283. The cam changes a rotary motion to 
an up-and-down motion, 
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move the feet in a circle to drive the 
band wheel of a sewing machine. It is 
easy to move the treadle up and down. 
(See Fig. 284.) Notice that one end of 
the connecting rod is fastened at B, a 
point which is off center on the band 
wheel, and that the other end is fas- 
tened to the treadle at A. As we push 
down with the toe, the end of the rod 
A moves downward and pulls the end 
B around in almost a semicircle. It will 
stop at dead center when we keep on 
pushing downward; but, if we hesitate, 
the inertia of the band wheel will carry 
it on past the dead center position. As 
we push down with the heel, A now 
moves upward and pushes B up along 
the other semi-circumference. There it 
reaches another dead center position, 
and we need to hesitate again to permit 
inertia to carry B past this position. 
Thus we push down with the toe, hesi- 
tate, push down with the heel, hesitate, 
and so on, as we operate the treadle of 
a sewing machine. The effort moves 
up and down and has what is called a 
reciprocaling motion, but a rotary mo- 
tion is imparted to the band wheel. By 
means of a belt, the power is trans- 
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mitted from the band wheel to the 
hand wheel, which in turn controls 
another eccentric that causes the needle 
to move up and down. The automatic 
bobbin winder is another example of 
the principle of the cam. We shall also 
find that the cam is used to control 
the valves of the steam engine and the 
gas engine. 


pe a 


Fig. 284. Band wheel and treadle of sewing 
machine. 


Summary 


A machine is a device used to transform or transfer energy. Theo- 


retically, input equals output. In practice, 


input exceeds output. Effort 


times effort distance equals resistance times resistance distance. 


resistance , 


se effort ’ 


The efficiency of a simple machine equals 


distance effort moves 


it also equals distance resistance moves 


useful work accomplished , 
total work expended 


In all classes of levers the resistance : effort = effort arm : resistance 


length of effort arm 
length of resistance arm 

The mechanical advantage of a block and tackle equals the number of 
strands supporting the movable block. 


arm. M.A, = 
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In the law of the wheel and axle, R: E = circumference of wheel : 
circumference of axle. The diameters or radii may be substituted for 


the circumferences. 


When the force is applied parallel to the plane, resistance : effort 
= length of plane : height of plane. If the force acts parallel to the base, 


then R : E = base : height. 


In the use of the screw, the resistance: effort = the circumference 


described by the effort : the pitch. 


How many of the following terms can you define or explain? 


Machine Worm wheel Screw 

Efficiency Power shovel Micrometer caliper 
Lever Water wheels Differential pulley 
Classes of levers Transmission of power Windmill 

Pulley Pulley combinations Water turbine 
Mechanical advantage of pulley Wheel and axle Cam 

Mechanical advantage of levers Law of the inclined plane Windlass 

Capstan Grade Sewing machine 
Spherometer Wedge Eccentric 


QUESTIONS 


1. Why is the efficiency of a jackscrew so 
low? 

2. What is meant by the “pitch” of a 
screw? 

3. How do you find the mechanical ad- 
vantage of a compound machine? 

4. What simple machines do you find 
used in the power shovel, Fig. 273? 

5. Bicycles used by racers have a larger 
gear wheel driven by the foot pedals than 
ordinary bicycles. Why? 

6. Explain how the speed counter shown 
in Fig. 285 can be used to determine the 
number of revolutions per minute, 
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Fig. 285. The worm gear can be used as a 


speed counter, 


7. How can a to-and-fro motion be 
changed into a rotary motion? 

8. Show how the wedge and screw are 
derived from the inclined plane. 

9. Why is a fly wheel generally rather 
heavy, yet is mounted with low-friction 
bearings so that it turns easily? 

10. Some model locomotives are adver- 
tised as having “worm drive.” What are 
the advantages of this method of power 
transmission? 

11. What machines are used in (a) a 
rotary egg beater; (b) a food chopper; (c) a 
water faucet? 

12. The turnbuckle of Fig. 286 acts 
upon one rod which has a right-handed 
screw; it also acts upon another rod which 
has a left-handed screw. If each rod has 
12 threads to the inch, how much is the 
space between the ends increased or de- 


creased by one complete turn of the turn- 
buckle? 


Right-hand 
thread 


Fig. 286, The tumbuckle, 
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PROBLEMS 
Group A 


Fig. 287. The letter press. 


1. In building a metal lawn chair, Paul 
is using bolts with 20 threads to the inch. 
If his screwdriver handle has a circumfer- 
ence of 3 in, what is the mechanical 
advantage? 

2. Two wheels are connected by a belt 
drive as in Fig. 282. Wheel A is 5 in. in 
diameter; wheel B is 15 in. in diameter. 
If wheel A rotates at 1750 r.p.m., at what 
rate does wheel B revolve? 

3. A pipe is cut with 12 threads to the 
inch. If a plumber uses a wrench 20 in. long 
to connect a valve to this pipe, what me- 
chanical advantage does he have? 

4. What is the pitch of the screw of a 
spherometer like that shown in Fig. 264, if 
moving the head 25 divisions moves the 
point of the screw 0.25 mm.? 

5. What is the mechanical advantage of 
a small jackscrew which has 5 threads to 
the inch, if the lever arm is 10 in. long? 
What will be the mechanical advantage if 
the lever arm is 20 in. long? 

6. A block and tackle is used to pull a 
piano up an inclined plane. If the mechani- 
cal advantage of the plane is 5 and the 
mechanical advantage of the pulley sys- 
tem is 6, what is the mechanical advantage 
of the combination? 

7. Gas pipe has 12 threads to the inch. If 
Henry uses a wrench 8 in. long to tighten 
a pipe connection, what is the mechanical 
advantage? Henry exerts 40 lb. of force. 
What force tightens the pipe? 


Fig. 288. The builder's crane. Is it similar to 
that of a wrecker car? 


8. The larger wheel of a differential 
pulley has a circumference of 30 in. The 
small wheel has a circumference of 28 in. 
What is the theoretical mechanical advan- 
tage? What is the actual mechanical ad- 
vantage if it requires a force of 100 lb. to 
raise a load of 600 lb.? 

9. The threads of a letter press are 7% in. 
apart. If a force of 40 lb. is applied to the 
rim of a 14-in. wheel, what is the force of 
compression? (See Fig. 287.) 

10. The pulley wheel on the shaft of an 
electric motor has a diameter of 2 in. The 
drive wheel of the water pump run by the 
motor has a diameter of 15 in. What is the 
mechanical advantage of this belt drive? 
What effort must the motor exert to turn 
the drive wheel of the pump with a force of 
25 Ib.? $ 

11. The screw in a vise has 6 threads to 
an inch. A force of 50 lb. is applied at the 
end of the vise lever which is 6 in. long. 
What force tightens the jaws of the vice? 

12. What is the mechanical advantage 
of the train of gear wheels shown in Fig. 
267? The radius of A is twice that of G. 
B and D each have 16 cogs, while C and F 
each have 36 cogs. 

13, The crane of Fig. 288 has a lever arm 
of 20 in. The gear wheels A, B, C, and D 
have 12, 60, 12, and 72 cogs respectively. 
If the axle has a radius of 4 in., what is the 
mechanical advantage of the crane? 
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14. What is the mechanical advantage 
of the bicycle drive shown in Fig. 269? 
If a force of 150 Ib. is applied to the pedal, 
what force pushes the bicycle forward? 

15. A worm drive like that shown in Fig. 
270 has 60 teeth in the gear wheel. If the 
radius of the drive wheel R is 2 in., and the 
radius of the axle is 0.5 in., what is its 
mechanical advantage? If it requires a 
force of 50 Ib. to raise a load weighing 
1200 1b., what is the efficiency? 

16. The diameters of the wheels of a 
differential pulley are 12 in. and 11 in. 
respectively. What is the mechanical ad- 
vantage? It requires a force of 50 lb. to 
raise a block weighing 300 Ib. What is the 
efficiency? 

17. A safe weighing 2000 lb. is to be 
pulled up an inclined plane 20 ft. long, onto 
a platform 5 ft. high. A block and tackle 
haying a mechanical advantage of 4 is at- 
tached to the safe. If it requires 2 men, 
each pulling with a force of 125 Ib. to move 
the safe, what is the efficiency? 

18. Fig. 289 shows a winch for use with 
a simple derrick. The crank C is 2 ft. long. 
The axle upon which the rope winds is 4 in. 


Fig. 289. A winch used with a derrick. 


in diameter. There are 60 cogs in D and 
10 in B. If the end of the rope R is attached 
to a system of pulleys in which 5 strands 
support the movable block, what force at 
C will be required to lift a weight of 12,000 
Ib.? 

19. In the platform scales of Fig. 290, 
the levers AB and AC are each 8 ft. long; 
BR and CR’ are each 8 in. loug; DE is 
10 ft., and OD is 1 ft.; GF and PF are 9 and 
30 in. long respectively. What weight at P 
is needed to counterbalance a weight of 
10,000 Ib. on the platform? 

20. The crank handle of the hoist on a 
wrecking truck is 18 in. long. On the same 
shaft there is a gear wheel which has 25 
teeth. This gear wheel meshes with another 
one having 100 teeth, which is fastened to 
the axle shaft. This axle, on which the chain 
is wound, is 2 in. in diameter. The chain 
passes over a single fixed pulley at the end 
of the boom, through a single movable 
pulley to which the hoisting hook is at- 
tached, and is fastened at the top of the 
boom. This hoist operates at 60% efficiency. 
What effort applied to the crank handle is 
required to raise the front of an automobile 
16 ft. long, weighing 3000 Ib.? The center 
of gravity of the car is 6 ft. from the front. 


10,000 Ib. 


Fig. 290. The platform scales have several 
compound levers, 


SERVICE. Y 
DA 
as 


Cay: í 
“AL CUTTA-2 


HEAT 


PARTES VIIVEEN 


Unit Six 


Ha IS THE SECOND OF THE MAJOR DIVISIONS OF PHYSICS 
which we shall study. It is only in the last century 
and a half that man has known much about the nature of 
heat. Previous to that time, heat was thought to be a weight- 
less fluid which escaped from materials when they burned. 
They invented the word caloric for this imaginary fluid. Ex- 
periments by Benjamin Thompson (Count Rumford) and 
Sir Humphry Davy showed that mechanical energy can be 
converted into definite quantities of heat. Count Rumford 
measured the amount of heat generated in boring the barrel 
of a brass cannon. Since the boring tool was turned by 
horses, who travelled around and around in a circle, he knew 
how much work was put into the operation. Davy showed 
that blocks of ice, even at a temperature below freezing, can 
be melted by rubbing them together. As a result of these 
experiments, scientists cast aside the erroneous caloric the- 
ory. Today we conclude that heat is a form of kinetic energy. 
It is manifested by the vibrations and oscillations of the 
molecules that make up substances. 

We are particularly interested in the effects which heat 
produces. Solids, liquids, and gases generally increase in vol- 
ume when heated. Conversely, they usually contract in size 
as they cool. We measure the intensity of heat in a body by 
its temperature. Experiments have shown that it requires a 
much larger quantity of heat to change a pound of water 
a given number of degrees in temperature than it does to 
produce the same temperature change on a pound of iron. 
Such experiments introduce us to the subject of specific 
heat. Heating many substances changes them from solids 
to liquids. Further heating converts the liquid into a gas 
or vapor. The heat that is absorbed when such a change of 
state occurs is very considerable. Reversing the process, 
vapors changing to liquids, pa liquids changing to solids 


set free the same amount of heat that was absorbed by the 
change of state. 

Many stores, offices, theaters, and homes are now being 
air-conditioned. The term air-condition includes both heat- 
ing in winter and cooling in summer. In addition, the hu- 
midity, cleanliness, and circulation of the air are regulated. 
Well-constructed homes now have the walls and ccilings 
lined with insulating materials that will keep heat out in 
summer and keep heat in during the winter. Such materials 
reduce fuel bills and make the home more comfortable. 

Heat energy enables us to do work with suitable machines. 
Fuel is burned to produce steam. The steam is used to oper- 
ate steam engines or steam turbines. Automobiles, Diesel 
trains, and airplanes burn liquid fuels in the cylinders of 
their engines, producing heat which is converted into kinetic 
energy of motion. Friction produces heat, but the heat pro- 
duced by friction is usually wasted. The digestion of fats in 
our diet produces heat which keeps our bodies at a nearly 
constant temperature, even though the temperature of the 
air may fluctuate widely. Electrical energy can be changed 
to heat in an electric iron or an electric toaster. Such elec- 
tric appliances are very convenient because they produce 
the heat just where it is needed, and they are also capable of 
accurate regulation. 

Astronomers and physicists now believe that the energy 
of the sun is caused by the spontaneous disintegration of 
the atoms composing it. One scientist has proposed a series 
of reactions whereby four hydrogen atoms are transmuted 
into an atom of helium. Some mass is lost in this reaction, 
and this loss shows itself in the tremendous amount of energy 
evolved. The energy given out is the heat and light we re- 
ceive from the sun. Radium in normal disintegration gives 
off more than enough heat in an hour to melt its own weight 
of ice. The heat set free by the explosion of atomic bombs 
was great enough to melt the ground on which they fell. 
Hi aoe fh oe energy from nuclear fission will 
But eee: propel automobiles and airplanes. 

s aimed in that direction. 
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933, What is the nature of heat? 
It was in the year 1799 that Sir Hum- 
phry Davy performed one of his strik- 
ing experiments. He melted two pieces 
of ice by rubbing them together vigor- 
ously. In that way he proved that heat 
is really a form of energy. Prior to his 
experiment, heat was considered to be 
a weightless fluid called caloric. 

From our study of the kinetic theory 
of matter we know that the tempera- 
ture of a body rises as the velocity of 
its moving molecules increases. Con- 
versely, a decrease in molecular veloc- 
ity causes a fall in temperature. Rub- 
bing our hands together increases molec- 
ular motion and warms our hands. The 
Indians formerly started fires by rub- 
bing two sticks together until enough 
heat was produced to kindle them. Boy 
Scouts now use ‘‘fire sticks” in a simi- 
lar manner to start fires when camping. 
Hence we conclude that heat may be 
defined as kinetic energy due to molec- 
ular motion. 

234. What are the sources of 
heat? We really receive some heat 
from a number of different sources. The 
most important include the following: 

l. The sun. Directly or indirectly, 
nearly all our heat may be traced to the 
sun as its origin. Plants need the heat 
from the sun for their growth, and 
animals are dependent upon plants. 
On a hot, sultry day in July we may 


Vocabulary 


TEMPERATURE, degree of heat. 
CenticrapE, graduated in 100 degrees. 
Bone, the interior diameter of a tube. 


Heat — Thermometry 


Fig. 291. Sir William Thomson (Lord Kelvin) 
(1824-1907) was born near Belfast, Ireland. 


His most important contributions in physics 
were in heat and electricity. He was the inventor 
of the Absolute scale of temperature. He 
also invented the mirror galvanometer, the 
siphon recorder for receiving cable signals, 
and an improved mariner’s compass. 


appear to be getting a large amount of 
the sun’s heat, but it is estimated that 
the earth as a whole receives only one 
two-billionth of all the heat which the 
sun gives off. 

2. The earth's inlerior. Molten rock 
issues from volcanoes and boiling water 
spouts from geysers. (See Fig. 292.) 


THERMOGRAPH,a self-registering thermometer. 
CLINICAL THERMOMETER, for sick-bed use. 
CRYOGENIC, pertaining to low temperature. 
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Courtesy of the Department of Interior 


i i hrowing 
Fig. 292. Approximately once an hour Old Faithful Geyser erupts many gallons of water, t 
ito a height of about 125 feet. This geyser is evidence of the heated rocks that lic beneath the 


surface of the rocks in Yellowstone National Park. 


The interior of the earth must be much 
hotter than its surface. Deep mines 
and wells also furnish proof that the 
interior of the earth is highly heated. 
The Calumet and Hecla copper mine 
is over a mile in depth. In the lower 
levels of this mine, the temperature is 
said to be about 130° F., even though 
compressed air is used for ventilation. 

3. Chemical action. For our chief 
Source of artificial heat, we depend 
upon the combustion of wood, coal, 
oil, or gas. The oxygen of the air com- 
bines with the burning fuel, while both 
heat and light are given off. The oxygen 
we breathe unites with the food we eat 
fast enough to Supply the heat needed 
to keep the temperature of our bodies 
at about 98.6° F., summer or winter, 

4. Mechanical energy can be changed 
into heat. Friction results in wasted 
work, and the energy from such wasted 
work is changed into heat energy. We 


tub the head of a match on emery 
paper and heat it by friction to its kin- 
dling temperature. When a lead bullet is 
fired against a hard steel plate, it 
may be heated hot enough to melt the 
lead by impact. The moving bullet has 
kinetic energy. When it is suddenly 
stopped, the kinetic energy is changed 
into heat energy. If we inflate a tire 
with a compression pump, the cylinder 
of the pump becomes hot. Most of this 
heat comes from the heat of compres- 
sion of the air. 

5. Electrical energy is often used to 
provide heat. This heat is produced 
by the resistance of the heating coils 
to the passage of the electric current. 
Electric irons and toasters have be- 
come common heating devices in the 
household. 

6. Nuclear energy. At present en- 
gineers are striving to learn how to 
operate atomic piles at temperatures 
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high enough to produce steam for use 
in engines or turbines. 

235. Heat differs from tempera- 
ture. Although heat and temperature 
are related, yet we must learn to distin- 
guish between them. A burning match 
has a much higher temperature than a 
steam radiator, but it does not give as 
much heat for warming a room. We 
may dip a cupful of boiling water from 
a tubful of boiling water. The tempera- 
ture of the water in the cup is the same 
as that in the tub, but we could melt 
more ice with the tubful of water than 
we could with a cupful, because it con- 
tains more heat. Ten pounds of water 
at 80° F. will melt more ice than one 
pound of water at 100° F. The former 
has more heat, but the latter has. the 
higher temperature. 

The temperature of a body depends 
upon the average kinetic energy of all its 
molecules. Temperature is measured in 
degrees. The heat of a body depends 
upon the sum total of all the kinetic 
energies of its molecules. Heat is meas- 
ured in calories or British thermal units. 

A small radiator with only a few 
sections may have the same tempera- 
ture as a large radiator with many sec- 
tions, but it cannot supply so much 
heat to a room. (See Fig. 293.) From 
these observations, we learn that it is 
possible for a body to have a high tem- 
perature and little heat; it may have a 
high temperature and much heat; it 
may have a low temperature and little 
heat; or it may have a low temperature 
and a large quantity of heat. 

236. Is our temperature sense 
reliable? We use the terms “hot,” 
“Warm,” E coo! E and col ” to indi- 
cate temperature. From two or three 
examples, it is easy to show why they 
are relative and mean little. A room 
that feels comfortable to a person who 
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has been resting seems uncomfortably 
hot to a person who has been exercising 
vigorously. We have three adjoining 
rooms, “hot,” “warm,” and “cold,” 
respectively. If a person goes from the 
first room into the second, he will tell 
you that the room is “cold,” but if he 
goes from the third into the second, he 
will then say that the room is “warm.” 
His sensation of “hot” and “cold” 
was influenced by his environment. 

Suppose you try the following ex- 
periment. Take three tumblers and fill 
the one at your left with hot water, 
the middle one with warm water, and 
the one at your right with ice water. 
For a few moments hold a finger of 
your left hand in the hot water and a 
finger of your right hand in the ice cold 
water. Then dip both fingers into the 
tumbler of warm water. You will have 
the strange sensation of feeling that 
the warm water is both warm and cold 
at the same time, for it will feel cold to 
your left finger and warm to your right. 
Because our temperature sense is un- 
reliable, we need to have thermometers 
to measure temperature, or degree of 
heat. 

237. How does the air ther- 
mometer work? Once again we meet 
the famous Galileo. This time we find 
that he is the inventor of the air ther- 
mometer. It consists of a glass bulb 
with a long tube attached. The tube 
dips into some colored liquid, as shown 
in Fig. 294. When the bulb is warmed, 
the air inside the bulb expands and 


Fig. 293. In one case the temperatures are 
the same, but the quantities of heat are unequal. 


In the other case, both are unequal. 
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some of it escapes. As the air in the bulb 
cools, some of the liquid rises in the 
tube. Such a thermometer is very sensi- 
tive to temperature changes, but of 
course it has to be corrected each time 
for changes in air pressure. 

238. How is the mercury ther- 
mometer made? To construct a mer- 
cury thermometer, a bulb is blown at 
one end of a thick-walled capillary 
tube. (See Fig. 295.) The bulb and part 
of the stem are then filled with mer- 
cury. The bulb is then heated until the 
mercury expands and fills the tube, 
which is sealed at A. All the air is thus 
expelled from the tube, leaving the 
mercury free to expand or contract with 
changing temperatures. A bulb and 
partially filled tube needs only to be 
graduated to make it a finished ther- 
mometer. While the mercury ther- 
mometer is not so sensitive as the air 
thermometer, it is not affected by 
changes in pressure. 

239. How do we graduate a ther- 
mometer? Before one can graduate a 
thermometer, some “‘fixed points” or 
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Fig. 294. The air 
thermometer was one 
of Galileo's inven- 


tions, eter. 


Fig. 295. A small-bore 
tube used for making 
a mercurial thermom- 


HEAT 


definite temperatures must be selected. 
The freezing point and the boiling point 
of water are two fixed temperatures 
which can be easily determined. 

The bulb and lower portion of the 
stem of the thermometer constructed 
as described in Section 238 are packed 
in a funnel containing melting ice. It is 
more convenient to use melting ice 
than freezing water, and both have the 
same temperature. The lowest point to 
which the mercury falls is marked the 
freezing point. Such a fixed point may 
be etched on the glass of the ther- 
mometer tube, or upon some scale to 
which the thermometer is firmly at- 
tached. (See Fig. 296.) 

To find the boiling point, the ther- 
mometer is suspended in the steam 
arising from boiling water. (See Fig. 
297.) The highest point to which the 
mercury rises is marked boiling point 
on the thermometer scale. One precau- 
tion must be taken. The boiling point 
of water varics with the pressure; 
henee, for this work the water must be 


Fig, 296. Checking a thermometer for freezing 
Point, 
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boiling when it is under a pressure of 
exactly 76 cm. of mercury. 

240. How are degrees marked on 
athermometer? After the fixed points 
have been marked upon a thermome- 
ter, it must then be divided into de- 
grees. Several scales, in which the 
degrees are different, have been de- 
vised, but we shall study only two, the 
Centigrade and the Fahrenheit. 

Centigrade scale. This scale, which 
was devised by Celsius, is used almost 
exclusively in foreign countries. It is 
used for scientific work throughout 
the United States. On a Centigrade 
thermometer the freezing point is 
marked 0, while the boiling point is 
marked 100. The space between the 
fixed points is divided into 100 (centum, 
hundred; gradus, degree) equal spaces 
called degrees. 

Fahrenheit scale. This scale, which 
was devised by Fahrenheit, is used in 
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Fig. 297. Checking the boiling point as one 
fixed point of a thermometer. 
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the United States for weather observa- 
tions. On a Fahrenheit thermometer, 
the freezing point is marked 32, and 
the boiling point is marked 212. The 
space between these two fixed points on 
a Fahrenheit thermometer is divided 
into 180 equal degrees. 

241. How can one convert one 
reading into another? Sometimes we 
must change meters to yards, or inches 
to centimeters. In a similar manner, it 
is sometimes necessary to change Fahr- 
enheit thermometer readings into Cen- 
tigrade readings, or vice versa. To do 
so, it is necessary to start with the fact 
that 0° C. and 32°F. are really the 
same temperature, and that 100° C. is 
the same as 212° F. Between the boil- 
ing point and the freezing point on a 
Centigrade thermometer we have 100 
degrees and between the same points 
on a Fahrenheit thermometer we have 
180 degrees. Therefore 100 Centigrade 
degrees equal 180 Fahrenheit degrees. 
Whence, 1 Centigrade degree equals 
1.8 Fahrenheit degrees. (See Fig. 298.) 

If a Centigrade thermometer reads 


110 230 
100 |4H]----Bolling—---|4f] 212 1 
‘90 point 194 
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Fig. 298. How Fahrenheit and Centigrade 


thermometers compare. 


212 


20°, the temperature is 20 Centigrade 
degrees above the freezing point. But 
it is also 36 (20 X 1.8) Fahrenheit 
degrees above the freezing point. If it 
is 36 Fahrenheit degrees above the 
freezing point, which is 32°F., then 
the Fahrenheit thermometer must 
read 68° when the Centigrade ther- 
mometer reads 20°. In general, then, 
To change Centigrade readings to 
Fahrenheit readings, we multiply the 
Centigrade readings by 1.8, and add 32. 
Conversely, to change Fahrenheit read- 
ings lo Centigrade readings, subtract 32 
from the Fahrenheit reading and divide 
by 1.8. One may use the formula given 
in Appendix A. The following short cut 
may be used: To change Centigrade 
readings to Fahrenheit, add 40 to the 
Centigrade reading, mulliply the sum 
by 1.8 and subtract 40. To change 
Fahrenheit readings to Centigrade, 
add 40 to the Fahrenheit readings, 
divide the sum by 1.8, and subtract 40, 


Prosen. Change — 10° C, to Fahren- 
heit. Change — 58° F. to Centigrade. 

Solution. — 10 x 1.8 = — 18; — 18+ 
32 = 14. Hence, — 10° C. equals 14° F, 
In problem No. 2, — 58 — 32 = — 90: 
= 90 + 1.8 = — 50° C. Therefore, — 58° 
F. equals — 50° C. 


242. How is the mercury ther- 
mometer limited? Since mercury 
freezes at a temperature of about 
— 39° C., it cannot be used to measure 
temperatures below that point. Rear- 
Admiral Byrd needed an alcohol ther- 
mometer for use in the polar regions, 
where much lower temperatures are 
common. The freezing point of ordi- 
nary alcohol is — 113° C, It is usually 
colored red or blue so that it can be 
seen more easily, 

For very low temperature measure- 
ments, a gas thermometer is used. (See 
Fig. 299.) The bulb contains hydrogen, 
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which contracts upon being cooled, 
The mercury in the bent tube rises at 
B and falls at C. Then the tube is 
lowered until B drops to its former 
level. The temperature is calculated 
from the change of pressure needed to 
keep the volume of the hydrogen gas 
constant. 

The boiling point of mercury is 
357° C. Hence the mercury thermome- 
ter is not suitable for measuring high 
temperatures. Several methods of 
measuring high temperatures are in 
use. Sometimes a gas thermometer is 
used. Platinum changes its electrical 
resistance with the temperature, and a 
platinum resistance thermometer is 
used to measure temperatures by 
measuring the amount its resistance 
changes. Two metals in contact will 
produce electricity when heated. Tem- 
peratures are sometimes measured by 
Measuring the amount of electricity 
such a thermo-couple produces. 

243. There are special thermom- 
eters for special uses. 1. Clinical. The 
thermometer used by physicians for 
taking the temperature of the human 
body needs only a short scale, because 


NHydrogen 


Fig. 299. A gas thermometer. 
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our normal temperature is 98.6° F., 
and it never varies more than a few 
degrees in either direction. Since the 
scale of the clinical thermometer is 
usually graduated from 92°F. to 
110° F., it is possible to have the de- 
grees far enough apart so that the scale 
can be read when divided into tenths of 
a degree. 

In still another way the clinical 
thermometer is different. The tube is 
constricled to reduce the size of the bore 
just above the cylindrical bulb. The 
mercury forces its way past this con- 
striction as it expands, but the cohesion 
of the mercury molecules is not great 
enough to pull the mercury column 
back past the constriction. Hence the 
top of the mercury column remains at 
the highest reading, which can be read 
leisurely. The thermometer is then 
given several quick jerks to shake the 
mercury back into the bulb:to be ready 
for the next reading. (See Fig. 300.) 

2. Maximum thermometers. Such 
thermometers are used by the Weather 
Bureau to show the highest tempera- 
ture within a given time, usually 24 
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Fig. 300. The clinical Fig. 301. A minimum 
thermometer, thermometer. 
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hours. One type of maximum thermom- 
eter is constructed like the clinical 
thermometer. It is set at a certain hour 
each day by shaking the mercury down 
into the bulb. Then as the temperature 
increases, the mercury rises in the tube 
and stands at the highest temperature 
reached during the day. In another 
type, the mercury pushes a little steel 
index upward as it rises. The friction 
of this index against the inner walls of 
the tube holds it at the highest re- 
corded temperature. To set the ther- 
mometer for a subsequent reading a 
magnet is used to drag the steel index 
down into contact with the mercury. 
3. Minimum thermometer. The bulb 
of one type of minimum thermometer 
is filled with alcohol. The surface ten- 
sion of the alcohol drags a small steel 
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Fig. 302. A maximum-and-minimum thermom- 
eter. 
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index along the tube as the alcohol 
contracts. This index is left at the 
lowest temperature reading for the 
time interval, because the altohol flows 
past it when it expands again. (See 
Fig. 301.) This thermometer, too, is 
set by the use of a magnet. 

x4. Mazimum-and-minimum ther- 
momeler. By the use of bent tubes like 
those shown in Fig. 302, both the maxi- 
mum and minimum temperatures can 
be read from the same instrument. One 
bulb contains alcohol and alcohol 
vapor. Since the alcohol vapor is easily 
compressible, the tube is not broken as 
the mercury column in the bent tube 
is pushed backward and forward. 

5. Self-regisiering instruments. The 
thermometer of Fig. 303 is a metal 
type which carries an ink pointer to 
record the temperature on a graph, 
which consists of a sheet of ruled paper 
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wound on a cylinder. A clock-work 
mechanism turns the cylinder through 
one complete revolution per week, 
while the pointer traces a continuous 
line which shows the temperature at 
any particular day or hour of the week, 
See graphs of Figs. 304 and 305. 


Fig. 303. A thermograph, or self-recording 
thermometer. 
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Fig. 304. The graph shows a decided cold wave during a week in Ja 
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daily variations in temperature at Peoria, Illinois. 
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Summary 


The sun, the interior of the earth, chemical action, mechanical, elec~ 
trical, and nuclear energy, are the chief sources of heat. 

Heat is the sum of the kinetic energies of all the molecules of a body. 
The temperature of a body is the average kinetic energy of its molecules. 

Sensation is an unreliable method of determining temperature. A 
thermometer is an instrument devised for that purpose. 

To change Centigrade readings to Fahrenheit, multiply the reading 
by 1.8 and add 32; to change Fahrenheit readings to Centigrade, sub- 
tract 32 from the Fahrenheit reading and divide by 1.8. 

Special thermometers are constructed to show the maximum or mini- 
mum temperature for any given period, usually 24 hr. 

The clinical thermometer is used to find the temperature of the 
human body. Self-registering thermometers keep a continuous record of 
the temperature for any given period. 


How many of the following terms and phrases can you define or explain? 


(Study until you know them all.) 


Sources of heat Fixed points Clinical thermometer 
Heat versus temperature Centigrade scale Maximum thermometer 
Air thermometer Fahrenheit scale Minimum thermometer 


Mercury thermometer 


Thermometer conversions Thermograph 


QUESTIONS 


1. The tires on a rapidly moving auto- 
mobile get hot. What is the source of this 
heat? 

2. Is it possible to have heat without 
matter? Does this explain why outer space 
is so cold? 

3. Compare the amount of heat held by 
each of the following: (a) a flat iron and a 
needle at 300° F.; (b) a three-section radia- 
tor and a 10-section radiator both at 200° 
F.; (c) a teakettle of boiling water and a 
cup of boiling water; (d) one hundred 
pounds of ice at — 10° C. and 25 Ib. of ice 
at — 10° C.; (e) a pint of liquid air and a 
gallon of liquid air, both at — 189° C. 

4. Why must an air thermometer be cor- 
rected for changes in barometric pressure? 

5. What properties does mercury have 
which make it useful in a thermometer for 
measuring ordinary temperatures? 

6. What advantages does alcohol have 
over mercury as a thermometer liquid? 
What disadvantages? 

7. What are two important “fixed 


points” used to calibrate a thermometer? 
Why are they so commonly used? 

8. Is the clinical thermometer a max- 
imum ora minimum thermometer? Explain. 

9, Explain how the maximum-minimum 
thermometer shown in Fig. 302 operates. 
How are the steel indices reset? 

10. Objects when heated strongly give 
off color as the temperature is increased. 
First they are dull red, then a brighter red, 
cherry red, orange, yellow, and finally, if 
heated to a high enough temperature, give 
off white light. Do you think these color 
changes can be used to give an approximate 
indication of the temperature? Explain. 

11. If you examine several similar lab- 
oratory thermometers, you may find that 
the distance between 0° C. and 100° C. is 
not exactly the same on all of them. Why 
is there this difference even though they 
are all the same make and model? 

12. Why are the bulbs of laboratory 
thermometers cylindrical in shape, and not 
spherical? 
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PROBLEMS 


Group A 


(The odd-numbered problems are tempera- 
ture conversions from Fahrenheit to Centi- 
grade. The even-numbered problems are tem- 
perature conversions from Centigrade to 


Fahrenheit.) 


1. Room temperature is generally con- 
sidered to be 68° F. What is the Centigrade 
reading? 

2. Alcohol boils at 78° C. What is this 
temperature on the Fahrenheit scale? 

3. Normal body temperature is 98.6° F. 
Convert to the corresponding Centigrade 
reading. 

4, Ether used as an anesthetic is a color- 
less liquid which has a boiling point of 
35° C. Calculate the boiling point on the 
Fahrenheit scale. 

5. One winter day, John read the ther- 
mometer and reported, “It’s ten below 
zero, Fahrenheit!” What was the Centi- 
grade temperature) 

6. Iron melts at 1535° C. What is it 
Fahrenheit? 

7. Airplanes flying in the stratosphere 
report that the outside temperature is 
— 50° F. Convert this to the corresponding 
temperature on the Centigrade scale, 

8. The lowest temperature attained by 
scientists is about — 273° C, Find the 
Fahrenheit temperature. 

9. Tungsten, the metal used in electric 
lamp filaments, melts at 6098° F, What is 
the corresponding Centigrade temperature? 

10. Liquid oxygen boils at — 183° C, On 
the Fahrenheit scale, what is the reading? 


11. In the mile-deep copper mines in 
Michigan, the temperature is about 130° F., 
even with the most modern type of forced 
ventilation, What is this temperature in 
degrees Centigrade? 

12. If water is cooled from 100° C, to 
20° C., what is the temperature change in 
Fahrenheit degrees? 

13. During a summer thunderstorm the 
temperature dropped 20 Fahrenheit de- 
grees. What was the drop in Centigrade 
degrees? 

14. Mercury freezes at — 38.87° C. Cal- 
culate the freezing point of mercury on the 
Fahrenheit scale. 

15. On an August day the temperature 
was 100° F. What is the Centigrade tem- 
perature which corresponds? 

16. Ethylene glycol. (Prestone) freezes 
at — 15.6° C. What is it Fahrenheit? 

17. The lowest temperature ever re- 
corded in the United States was — 66° F. 
at Yellowstone Park on February 9, 1933. 
What is this temperature on the Centi- 
grade scale? 

18. Lead boils at 1620° C. On the 
Fahrenheit scale, what is this temperature? 

19. Alcohol freezes at about — 170° F. 
Convert to the equivalent Centigrade read- 
ing. 

20. The melting point of hydrogen is 
— 259.1° C. What is this temperature on 
the Fahrenheit scale? 

21. At what temperature is the reading 
the same on both the Centigrade and Fahr- 
enheit scales? 


Unit Six 


Chapter 10 LL 


244. What are some of the things 
that heat can do? While the nature 
of heat and the measurement of tem- 
perature are important, the effects of 
heat are more interesting and of more 
practical importance. We find that 
heat can accomplish several things. 

1. As heat is absorbed by a body, 
the temperature of the body generally 
rises. Water in a pan over a gas stove 
rises in temperature as it absorbs heat. 

2. Heat absorbed by a solid may 
cause the solid to melt, or to change 
from the solid to the liquid state. 

3. Heat absorbed by a liquid causes 
the liquid to evaporate or to change 
from the liquid state into a vapor. For 
example, ice melts when heated, and 
the continued addition of heat changes 
the water into steam or vapor. 

4. The size of an object nearly al- 
ways increases when it is heated. Mer- 
cury in a thermometer expands. Bodies 
not only increase in length when 
heated, but expand in all directions. 

5. Heat causes many chemical 
changes to occur. The cooking of 
foods is an example, and many chemi- 
cal reactions in the laboratory are 
started by the application of heat. 

6. Heat may be used to produce an 


Vocabulary 


Cornucaten, formed into folds or furrows. 

Corrricrent, a number used as a factor. 

Compensarep, opposing forces are balanced. 

Atxoy, a substance formed when two or more 
metals are melted together. 

Suprrricran, pertaining to surface or area. 
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electric current, particularly when two 
different metals in contact are heated. 

7. Heat produces many physiolog- 
ical effects, both in plant and animal 
life. Without heat, the world would 
soon become barren. 

245. Heat makes solids expand. 
If you are a good observer, you will 
have noticed that telephone wires sag 
more in summer than in winter. You 
will find, too, that the spaces between 
the ends of railroad rails are wider in 
winter than in summer. Sometimes 
wires used for fences and for telephone 
or telegraph lines contract so strongly 
in cold weather that they break. With 
few exceptions, solids expand when they 
are heated and contract when cooled. 
They not only increase in length, but 
also in breadth and thickness. 

At room temperature, the iron ball 
of Fig. 306 passes easily through the 
ring. If we heat the ball strongly, it 
cannot pass through the ring at all. 


Fig. 306. The cold ball passes through the ring, 
but the heated ball cannot. 


SPALL, a piece or fragment of broken rock. 

Invar, an alloy of low coefficient of linear 
expansion. 

ELInvar, a steel alloy used in making hair- 
springs and balance wheels for watches. 

‘Tuermostat, device to regulate temperature. 
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Next, let us heat the ring strongly, and 
we find that the heated ball will pass 
through the ring. If we pour cold 
water on the ring to cool it, the ring 
will contract so much that the hot ball 
cannot pass through it. Rubber is one 
of the important exceptions to the 
general rule that solids expand when 
heated and contract when cooled. A 
few others are known. 

246. How much do solids ex- 
pand? To answer a question of this 
kind, it is necessary to experiment. In 
the laboratory it can be shown that one 
foot of aluminum wire will expand 
more than twice as much as one foot 
of iron wire, if each one is heated one 
degree. That number or factor which 
shows the actual increase in unit length 
of a solid when it is heated one degree is 
called its coeficient of linear expansion. 
For example, 1 ft. of aluminum will 
expand 0.000023 ft. when its tempera- 
ture is raised 1 C.°. The same increase 
in temperature will cause 1 ft. of iron 
to increase 0.000011 ft. Table 10 in 
Appendix B shows the coefficient of 
expansion for several solids. This table 
gives the coefficient of expansion for 
Centigrade degrees. The coefficient of 
expansion for Fahrenheit degrees will 
be just § as much. One of the several 
methods for finding the coefficient of 
expansion of solids experimentally ig 
given in the workbook designed to 
accompany this textbook, 

If 1 ft. of aluminum wire expands 
0.000023 ft. when heated 1 C.°, then 
10 ft. will expand 10 times ag much, 
or the increase will be 0.00023 ft. If 
10 ft. of wire are heated 10 C.°, the in- 
crease in length will be ten times as 
great as for 1 C.°, or 0.0023 ft, Hence, 
we conclude that the folal increase in 
length of @ solid when heated must be 
equal to its length times us change in 
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lemperature times its coefficient of linear 
expansion. 


Prostem. An iron rod is 65 cm. long at 
0° C. How much will it expand when heated 
to 80° C.P What will be its length at 80° C.) 

Solution. From the table we see that 1 cm, 
of iron expands 0.000011 cm. when heated 
1C.°; 65 cm. will expand 65 x0.000011 cm., 
or 0.000715 cm., when heated 1 C.°; the 
change in temperature is 80 degrees, so the 
actual increase would be 80 x 0.000715 
cm., or 0.0572 cm. The length of the rod at 
80° C. would be 65.0572 cm. (Original 
length plus expansion.) 


247. Do solids expand in all di- 
rections? It is important to keep in 
mind the fact that solids when heated 
not only increase in length but they 
also expand in width and thickness. 
The coefficient of superficial expansion, 
or the increase in unit area ‘per degree, 
is slightly more than double the linear 
coefficient. The buckling of metal roofs 
and concrete sidewalks when strongly 
heated is due to the expansion in area. 
The coefficient of cubical expansion, or 
the increase in volume when a solid is 
heated one degree, is slightly more than 
three times the coefficient of linear ex- 
pansion. 

248. What is the effect of unequal 
heating? If boiling water is poured 
quickly into a thick-walled glass 
tumbler, the tumbler will probably 
crack. The inside is heated and expands 
before the outside does. Men some- 
times crack up large boulders by 
building a fire around them to heat 
them strongly. Fragments and spalls 
of rock then split and break off when 
cold water is thrown upon the hot 
boulder. Unequal heating often causes 
solids to break, because one portion 
expands more than another. 

249. Can expansion of solids be 
made useful? Sometimes walls spread 
apart and threaten to fall. A long iron 
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Fi As heated rod cools, 
it contracts and pulls 
the walls closer together 


Fig. 307. As the heated rod cools it contracts 
and straightens the walls. 

rod may be put through, heated 
strongly, as shown in Fig. 307, and the 
nuts at the ends screwed on tightly. 
As the rod contracts upon cooling, the 
walls are pulled together. Carriage 
tires are sometimes heated before they 
are put on the wheel. As they cool, 
they shrink and become tight fitting. 
Rivets are heated red hot before they 
are used to rivet steel plates together. 
As they cool they contract and make 
a very tight joint. The expansion and 
contraction of metals is used to open 
and close valves. 

In one type of automatic water 
heater, a rod of invar, a metal of low 
coefficient of linear expansion, is used 
inside a copper tube to regulate the 


To burner 
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amount of gas needed to keep the 
water in the hot-water tank at the de- 
sired temperature. As the copper tube 
expands it gradually closes the valve 
regulating the flow of gas, and permits 
it to open again as the copper rod cools. 
(See Fig. 308.) 

250. How do engineers cope with 
the expansion problem? One manu- 
facturer of wire fence for the farm uses 
spring steel, and the wires are some- 
what wavy instead of being straight. 
Tf the metal beams used to support a 
long bridge were firmly fastened to 
each pier, the expansion and contrac- 
tion would destroy the piers. Fig. 309 
shows how engineers fasten one end of 
a bridge and mount the other end on 
rollers to permit it to expand and con- 
tract. 

Concrete blocks for roads and side- 
walks have expansion joints, which 
may be filled with bitumen, a material 
that is somewhat plastic. The floor 
openings around the steampipes are 
large enough to allow the steampipes 
to expand and contract without lifting 
the floor. The manufacturers of “ Py- 
rex” glass learned how to make a 
product with a very low coefficient of 
expansion, thus reducing the danger 
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Both extend into 
the hot water tank. 
As tube expands 
the valve closes. 


Fig. 308. The thermostat is used to keep water temperature constant. 


220 


Fig. 309. Bridge expands when heated. Rollers 
permit one end to move. 


of breakage from heat. This glass finds 
extensive use in chemical laboratories. 
The thick glass baking dishes made of 
“Pyrex” glass can be put into a hot 
oven with little danger of breaking. 
The coefficient of expansion of “ Pyrex” 
is only about one-third that of ordi- 
nary glass. 

The two wires that lead in to the 
filament in an electric lamp must be 
sealed in the glass so perfectly that no 
gases can get into the lamp or escape 
from it. Hence they must have the 
same coefficient of expansion as glass, 
or unequal expansion and contraction 
will break the seal. For a long time the 
expensive metal platinum was the only 
metal known which has the same co- 
efficient of expansion as glass. Research 
engineers attacked the problem and 
developed an alloy which can be used 
instead of the expensive platinum. An 
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Fig. 310. The “lead-in” wires have the same 
coefficient of expansion as glass, 
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alloy of nickel and iron, sheathed in 
copper, is now used for the“ lead-in” 
wires of electric lamps. (See Fig. 310.) 

251. How do radiator valves work? 
Since two things cannot occupy the 
same place at the same time, we can- 
not get any steam from the furnace 
into our radiators, unless we make 
provision for the air in the radiators 
to get out. But we must not let the 
steam escape. To see how one can 
manage to let the air escape, but keep 
the steam inside, let us refer to F ig. 
311. The metal capsule C contains a 
liquid which changes to vapor when it 
is heated by steam. The vapor then 
exerts pressure and pushes the top of 
the capsule upward until the metal 
rod on its top closes the opening in the 
valve. The elasticity of the corrugated 
metal of which the sides of the capsule 
are made permits the top to move up- 
ward when the pressure inside the cap- 
sule increases, but it springs back to 
its former position as the vapor inside 
condenses again. 

One type of valve has been devised 
which permits some vapor to escape 
and increase the relative humidity of 
the room. 

252, What is the compound bar? 
Suppose that we have two flat strips 
of brass and iron riveted firmly to- 
gether to make a compound bar, as 


Liquid evaporates. 
Its vapor expands 
and closes the 
opening, 0. 


Fig. 311. The radiator valve. 
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„Brass fi 


After heating 
Fig. 312. The compound bar. 


shown in Fig. 312. If they are straight 
before heating, they will curve when 
heated, because the brass expands more 
than the iron does. The compound bar 
will straighten out again when cooled, 
and it will even bend in the other direc- 
tion if it is cooled greatly. Of course, 
such a compound bar may be made by 
riveting or soldering together any two 
metals that have differeut coefficients 
of expansion. 

253. For what purposes are com- 
pound bars used? 1. Metallic ther- 
mometers. From Fig. 313, we see that 
one end A, of a circular compound bar 
is attached firmly to the base of the 
thermometer. The end B is fastened to 
a pointer which is pivoted so that it 
can rotate about the axis, C. The 
metal on the outside of the compound 
bar has the greater coefficient of ex- 
pansion. When heated, it expands more 


Compound bar bends 
inward when heated 


bt 313. This metal thermometer is a compoun 
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and allows a spring to pull the 
pointer in a clockwise direction along 
the scale. 

2. The thermostat. To keep a room 
at a nearly constant temperature, a 
thermostat (temperature regulator) is 
often used. From Fig. 314 we see that 
it operates by means of a compound 
bar much as the metallic thermometer 
does. One end of the bar is fixed. The 
other end is fastened to a pointer which 
moves back and forth between the 
points C and C’. If the room grows too 
warm, the pointer makes an electrical 
contact at C, and the drafts of the 
furnace are automatically closed. They 
are opened again when the room cools 
down enough for the pointer to make 
another electrical contact at C’. In 
this way, the temperature of a room 
may be kept at 70° F., for example, 
within a variation of one or two de- 


grees. 

3. The balance wheel. When the 
balance wheel of a watch expands in 
summer, the watch runs too slowly. 
The higher-priced watches have com- 
pensated balance wheels. As the radius 
of such a wheel, Fig. 315, expands and 
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Fig, 314. A thermostat is designed to keep 
the temperature constant. 


tends to slow up the movement, the 
compound bars bend and throw the 
ends W and W” inward just far enough 
to accelerate the motion. It is possible 
to so adjust such a balance wheel that 
the effect of lengthening the radii is 
just nullified by the inward movement 
of the loaded ends of the bars. Such a 
watch is not affected by temperature 
changes. 

254. How is elinvar used? Dr. Guil- 
laume, who developed elinvar, was 
awarded the Nobel prize for his ac- 
complishment. At least one manu- 
facturer of high-grade watches uses 
the steel alloy known as clinvar for 
making hairsprings and balance wheels. 
Its coefficient of expansion is so low 
that no compound bar is needed. It 
seems to be superior to bimetals for 
use in balance wheels. It does not cor- 
rode easily and it does not become 
permanently magnetized. The elas- 
ticity of this alloy remains practically 
constant under ordinary temperature 
changes. 

255. Howisa pendulum compen- 
sated for temperature changes? 
From our study of the pendulum, we 
know that a long pendulum vibrates 
more slowly than a short one, For that 
reason, the rod that supports the 
pendulum bob of an inexpensive clock 
contracts in winter and the clock gains 
time. As it expands in summer the 
clock loses time. Invar is a metal used 
for the pendulum rods of some clocks, 
but very accurate clocks have compen- 
sated pendulums. Two types are in 
use: 

1. Mercury type. The length of a 
pendulum is measured from the point 
of suspension to the center of oscilla- 
tion. The lengthening of the rod of the 
mercury pendulum shown in Fig. 317A 
lowers the center of oscillation and 
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tends to slow down the vibration rate, 
But the mercury at the same time ex- 
pands upward and raises the center of 
oscillation by exactly the same amount 
that it was lowered by the expansion 
of the rod. Such a pendulum keeps ac- 
curate time, since temperature changes 
do not affect it, 

2. Compensating rod type. In the 
pendulum of Fig. 317B the light- 
colored rods are of brass and the dark- 
colored rods are of steel. The brass 
rods are slightly shorter than the steel, 
but brass has a greater coefficient of 
expansion. You will observe that the 
expansion of the steel rods tends to in- 
crease the length of the pendulum since 
they expand downward. But the ex- 
pansion of the brass rods tends to raise 
the center of oscillation, since such ex- 
pansion is upward. If the rods are of 
the correct proportional lengths, the 
expansion of one set of rods nullifies 
the effect of the expansion of the other 
set of rods. 

256. Do liquids expand when 
heated? If one fills a tank with gaso- 
line on a cool evening, and then lets it 
stand in the sun the next day, some of 
the gasoline will overflow. Heat causes 
liquids to expand. We have already had 
examples of the expansion of mercury 


Compound bar 


Compound de 
Fig. 315. A compensated balance wheel, 
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Courtesy of the Texas Gulf Sulfur Company 


Fig. 316. These pipes are used for carrying superheated water to a sulfur well. The loops permit them 
to expand without any danger of breaking. 


and alcohol in glass thermometers. efficient of expansion of liquids. With 
An apparatus similar to that shown liquids, we are not concerned with any- 


in Fig. 318 is used to measure the co- thing but their increase in volume. We 
measure their coefficient of cubical ex- 


pansion, which is approximately three 
limes the coefficient of linear expansion. 

Liquids have a higher coefficient of 
expansion than solids. This is obvious 
when we compare the expansion of 


\Brass rods expand upward 


„Steel rods expand downward 


Mercury ~~Narrow tube 
expands makes it 
upward a possible to 
My read even 
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Fig. 317. Two types of compensated pendu- 
lums, A, oa Bars of iron and brass. Fig. 318. Tube to measure liquid expansion, 
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mercury in a thermometer with the 
expansion of the glass. The amount of 
expansion of liquids varies considerably 
with the temperature, but the expan- 
sion of mercury is fairly uniform be- 
tween 0° C. and 100° C. Otherwise the 
degrees on a thermometer would be un- 
equally spaced. 

The coefficient of cubical expansion 
of mercury is 0.00018; of water, from 
5° C. to 8° C., 0.00002; of water, 
99° C. to 100° C., 0.00076; of alcohol, 
0.0011; and of petroleum, 0.0009. 

Prostem. 100 gallons of petroleum are 
measured at 0° C. What will be the volume 
of the petroleum at 30° C.? 

Solution. 0.0009 X 30 = 0.027 gal., the 
expansion of 1 gal. when heated 30 degrees. 
0.027 X 100 = 2.7 gals., total expansion. 
100 + 2.7 = 102.7 gals., the new volume. 

257. What is peculiar about the 
expansion of water? If we fill a bottle 
like that of Fig. 318 with water at 
100° C., we shall find that it gradually 
contracts as it cools until a temperature 
of 4° C. is reached. Then it will expand 
again as we cool it on down to the 
freezing point, 0° C. Of course, when 
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Fig. 319. Expansion curve of water. 
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a substance contracts, its density is in- 
creased, because its mass is always 
constant. Therefore, water has its 
greatest specific gravity, which is 1.00000, 
at a lemperature of 4° C. At 0° C. its 
specific gravity is 0.99987; at 20° C., 
its specific gravity is 0.99823. See 
Table 11 in Appendix B. 

We can find the specific volume of a 
body by dividing one by its specific 
gravity. In the metric system the spe- 
cific volume is that particular volume 
of the body in cubic centimeters that 
has a mass of one gram. The unusual 
way in which water expands when 
heated or contracts upon cooling is 
clearly shown by a curve like that of 
Fig. 319. 

If water continued to contract upon 
cooling until the freezing point were 
reached and did not expand upon 
freezing, ice would sink to the bottom 
of a pond or stream. During a long, 
cold winter such formation of ice 
would continue until the pond or 
stream was frozen solid. If the ice were 
at the bottom, it would thaw only a 


Water at 100° C. 
contracts as it cools 
until a temperature of 
4° C. is reached. Then 
it expands slightly. It 
expands greatly as it 
freezes, and then 
contracts if cooled 
below 0° C. 


— 


Fig. 320. Curve to show how water contracts 
when cooled, 
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few feet in summer. Fish and other 
forms of aquatic life would perish, and 
many streams in the temperate zones 
would be closed to navigation. As it is, 
noice is formed at the surface until all 
the water in the pond is cooled to 4° C. 
The water at the bottom of a frozen 
pond is always 4°C., whether the 
temperature above the ice is 20° C. or 
- 40°C. 

Let us refer to Fig. 320. The graph 
in this figure shows how a given mass 
of water contracts upon cooling from 
100° C. to 4° C., expands upon cooling 
from 4° C. to 0° C., expands sharply 
upon freezing, and then contracls again 
when the ice is cooled below 0° C. 

258. Do gases expand when 
heated? When bread is put in the oven, 
the gas used for leavening expands 
greatly during the heating. This expan- 
sion makes the dough rise. Experiment 
shows that all gases expand when 
heated. Unlike solids and liquids, all 
gases have approximately the same co- 
efficient of expansion. With gases we 
are concerned only with the cubical co- 
efficient of expansion, or their increase 
in volume. The value of the coefficient 
of cubical expansion for all gases is 
zy of the volume at 0° C. This is 
0.003663 per Centigrade degree. It is 
about 20 times as great as that of mer- 
cury. It is almost 60 times as great 
as aluminum. 

259. How is the coefficient of ex- 
Pansion of gases measured? In 1787, 
Charles, a Frenchman, performed ex- 
periments proving that all gases ex- 
pand the same amount when heated 
one degree, if the pressure is kept con- 
stant. Let us take a small glass tube, 
sealed at one end, and measure the 
air column inclosed by a globule of 
mercury M, as shown in Fig- 321, when 
the tube is immersed in ice water. Next 
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we may measure the length of the air 
column when the tube is immersed in 
steam. We find that the air column 
has increased in length 393 of its 
original length, when heated from 0° C. 
to 100° C. For each degree of tempera- 
ture change, the expansion is x}, of the 
volume at 0° C. When other gases are 
used, the same result is obtained. While 
Charles was the first to study the ex- 
pansion of gases, the law sometimes 
bears the name of Gay-Lussac, who 
was the first to announce the law show- 
ing the relation of the volumes of gases 
to their temperatures. 

260. How does expansion affect 
density? Heating a gas, a liquid, or a 
solid does not change its mass. But 
if its volume is increased by heating, 
then its density must be reduced. For 
this reason, we find the warmer, less 
dense air of a room is near the ceiling. 
Hot water accumulates at the top of 
the tank. When we study the methods 
of distributing heat from one place to 
another, we shall find that the fact that 
gases and liquids are less dense when 
hot than they are when cold plays an 
important role. 


M 


As gas expands 

it pushes mercury 

globule up 
the tube 


Fig. 321. Tube to measure the coefficient of 
expansion of gases. 
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When a confined gas is heated so that 
it cannot expand, the pressure which 
the gas exerts is increased. A rubber 
tire pumped up on a cool morning 
may show a gauge pressure of 30 Ib. 
per sq. in. If the tire stands in the 
sun so that the temperature of the air 
inside is increased 20 or 30 Centigrade 
degrees, it may show a pressure of 
33 or 34 Ib. per sq. in. Raising the 
temperature increases the velocity of 
the molecules, and they bombard the 
inner walls of the tire more vigorously, 
thus increasing the pressure. 

261. What is meant by Absolute 
temperature? Since gases contract 
when cooled, it is interesting to inquire 
what will happen as we continue to 
cool them below 0° C. Let us start 
with unii volume at 0° C. But unit 
volume is really 373. For every degree 
we cool the gas below zero, its volume 
will be decreased zł}. At — 100° C. it 
is decreased by $22, and only 473 of its 
original volume will be left. At — 200° 
C., only #3; will be left. How much 
will remain if we cool the gas to — 273° 
C.) Theoretically, it will have lost all 
its volume. At zero volume all molecular 
motion might cease and then the body 
would be without any heat, or abso- 
lutely cold. For this reason, — 273° C. 
is taken as zero on the Absolute tem- 
perature scale devised by Lord Kelvin. 
Thermometers are never graduated on 
the Absolute scale and it is not used for 
measuring temperatures, It is merely 
an arbitrary scale which was devised 
to eliminate the zero and the minus 
from regular thermometer scales when 
comparing gas volumes, 

In reality, all gases liquefy before 
Absolute zero is reached. One scientist 
after another has attempted to cool 
Some gas to Absolute zero. One of the 
best known cryogenic laboratories is at 
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Leyden, Holland, where Kamerlingh 
Onnes liquefied helium in 1908, De 
Haas, working in this laboratory, suc- 
ceeded in reaching a temperature 
within 0.003 of a Centigrade degree of 
Absolute zero. The table given below 
shows the relation between the Abso- 
lute and Centigrade scales, and the 
relation of the Absolute scale to the 
volume of a gas which measures 
273 cc. at 0° C. 


CENTIGRADE | ABSOLUTE VOLUME 

100° 373° 373 ce. 

50° 323° 323 cc. 

0° 273° 273 ce. 

— 100° 173° 173 ce. 

— 273° 0° 0 ce. 
(theoretical) 


By comparing columns one and two 
we see that the Absolute temperature 
is exactly 273 degrees higher than the 
Centigrade temperature. Hence, to 
change from Centigrade to Absolute 
scale, we add 273 degrees to the Centi- 
grade reading. The third column shows 
how 273 cc. of gas at standard tem- 
perature, 0° C., would behave if sub- 
jected to the temperatures shown in 
the other columns. At 100° C., or 373° 
A., its volume is 373 cc.; at — 100° C., 
or 173° A., its volume is 173 ec. From 
these observations, it is apparent then, 
that cHAaRLES’ Law may be stated as 
follows: If the pressure is constant, the 
volume of a given mass of dry gas is di- 
rectly proportional to the Absolute tem- 
perature. 

Prosie. At a temperature of — 23° C., 
the volume of a gas measures 1000 ce. 
Find its volume at a temperature of 27° C. 

Solution. — 23° C, = 250° A., and 27° C. 
= 300° A. The gas has been warmed; hence 
it will expand to $28 of its former volume. 
$38 X 1000 = 1200 cc, the new volume. 

*262. How can Charles’ law be 
shown graphically? Let us use the 
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Absolute temperatures and volumes 
given in Section 261 as co-ordinates in 
plotting a curve. The curve obtained is 
shown in Fig. 322. It is a simple direct 
proportion curve, and it shows graphi- 
cally that the volume of a gas is directly 
proportional to the Absolute tempera- 
ture. 

If we plot a curve by using the vol- 
umes as abscissas and the Centigrade 
temperatures as ordinates, as shown in 
the same table, we see that the volumes 
are nol proportional to the Centigrade 
temperatures at all. If we produce the 
curve AB until it intersects the yy’ 
axis at Z, we find that this point of 
intersection corresponds to — 273° C., 
or to zero degrees Absolute. This fur- 
nishes us with a graphic illustration of 
the theorelical temperature at which all 
gases cease to have volume. In the sim- 
ilar triangles, ZOD and ZOA, the vol- 
umes, as represented by OA and CD, 
are proportional to the Absolute tem- 
peratures, OZ and CZ. (See Fig. 323.) 

There is no simple volume relation- 
ship corresponding to 0° C. and 10° C., 
or to — 10° C. and 10°C. The latter 
two, if used in proportion, would give 
anegative volume, which is impossible. 


B 


Temperatures, “A 


Volumes in cc. 


Fig. 322. Direct proportion curve to represent 
Charles' law, 
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The Absolute scale eliminates the zero 
and negative temperatures of the 
Centigrade scale. 

Absolute temperature, 7, = Centi- 
grade temperature, t, + 273. Or, T = 
t+ 273. 

263. Here are some problems in- 
volving the use of Charles’ law. 
Given 400 cc. of gas measured at 
10° C.; suppose we wish to find what 
volume the gas will occupy at 60° C. 
We must first reduce the Centigrade 
temperatures to Absolute. 10° C. = 
283° A. and 60° C. = 333° A. Let v 
represent the original volume; v’, the 
new volume; T, the original tempera- 
ture; and 7’, the new temperature. 

Then by Charles’ law, 


viv = T: T. 
Substituting, 400 : x = 283 : 333. 
Whence, gz = 470.7 ce. 


It is quite as simple to solve by 
fractions. The temperature has in- 
creased and the volume will be corre- 
spondingly increased. Hence the new 
volume is $23 of the original volume. 
323 x 400 = 470.7 co. 

264. Here are some problems in- 
volving Charles’ and Boyle’s laws. 


y' Volumes in cc. 


Fig. 323. Curve to show Absolute zero. 


It frequently happens that both the 
temperature and pressure to which a 
given volume of gas is subjected may 
change. To find the new volume in such 
a case, we must use Charles’ and 
Boyle’s laws. We may find the effect 
of the pressure on the volume and then 
use this new volume in order to find 
the effect of temperature. Or we may 
find the effect of both by the use of a 
single statement. 


Prosiem. Given 500 cc. of gas at 20° C. 
and 750 mm. pressure; find what volume 
the gas will occupy at 30° C. and 760 mm. 
pressure. 

Solution, 


20° C. = 293° A.; 30° C. = 303° A. 


Then, 500 X 388 =the volume cor- 
rected for temperature change only. 

And, 500 X 488 = the volume corrected 
for pressure change only. 

Since both the temperature change and 
the pressure change occur simultaneously, 
we may combine the equations as fol- 
lows: 


500 X 333 X 788 = corrected volume. 
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Nore. The increase in temperature from 
20° C. to 30° C. causes the gas to expand by 
$93 of its volume, and the increase in pres- 
sure reduces the volume by 446. 

The following formula may be used for 
solving problems when both the Absolute 
pv 


temperature and pressure change: 


pv’ 
T In this formula, p, v, and T repre- 


sent the original pressure, volume, and 
Absolute temperature respectively; p’, v, 
and T’ represent the new pressure, vol- 
ume, and Absolute temperature. 


265. How great is the force of ex- 
pansion? The force of expansion or 
contraction is enormous. Broken wires 
in winter, cracks in pavements, and the 
bursting of tires when highly heated 
all testify to the great force exerted 
by a change in temperature. Concrete 
walks buckle under the force of expan- 
sion. The magnitude of this force seems 
to be limited only by the breaking 
strength of the material at the given 
temperature, With a steel bar of 1 sq. 
in. cross-sectional area, the force may 
be nearly 70 tons. 


Summary 


In general, solids expand when heated and contract when cooled, The 
increase per unit length per unit degree is called the coefficient of linear 
expansion, The increase in area, or the coefficient of superficial expansion, 
is approximately twice the linear coefficient. The increase in volume, or 
the coefficient of cubical expansion, is three times the linear coefficient. 

Liquids have a much higher coefficient. of expansion than solids; 
alcohol expands nearly 30 times as much as steel, and mercury nearly 
5 times as much. Water has its maximum density at 4° C.; heated above 
this temperature or cooled below it, water expands. 

The coefficient of expansion of all gases is nearly the same, 0.003663 


per Centigrade degree, 


A change in temperature or a change in pressure will change the 


volume of a gas. The Gas Law, 


(EX, 


wp v ` 
T= ae is used to calculate the 


effect of temperature and pressure changes upon gas volumes. 
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How many of the following terms can you define or explain? 


Coefficient of expansion 
Effect of unequal heating 


Pyrex glass Thermostat 


Compensated pendulum Compound bar 


Expansion of gases 
Expansion and density Charles’ law 


Peculiar expansion of water 


Absolute temperature 
Radiator valves 


QUESTIONS 


1. When you examine the tires on your 
automobile before you start out in the 
morning, they appear slightly “ soft.” How- 
ever, after you have driven a short distance, 
they get “harder.” Explain. 

2, How are concrete roads constructed 
so that they will not buckle under high 
summer temperatures? 

3, Why are high-voltage electric wires 
strung so loosely from one steel tower to 
the next? 

4, A motorist stopped at a filling station 
and had cold water added to the radiator 
of his car. He drove the few miles to the 
next town, and parked. He noticed water 
dripping from the overflow pipe of the 
radiator, Explain. 

5. What happens to the pistons of an 
automobile, if the oil level gets too low? 

6. Which are more likely to break if hot 
water is poured into them, thin glass 
tumblers, or thick ones? 

_ 7. Upon what property of mercury does 
its use in thermometers depend? 

8. Why is it possible to use frying pans 
made of “Pyrex” directly over the open 
gas flame? 

9. What happens to the length of the 
wires in your electric toaster as they warm? 

10. What is the Absolute temperature 
scale? How does it differ from the Centi- 
grade scale? Why is it important? 

11. Why is it important to have a clock 
pendulum compensated for changes in tem- 
perature? 

12. Steam pipes are generally led through 
a second pipe when passing through floors. 
Explain why this is necessary. i 

13. The large pipes which transmit 
steam from a central heating plant to fac- 
tories or office buildings have large U-shaped 
curves in them at definite intervals. Why? 
_ 4, It is easy to seal a piece of platinum 
into a glass tube. However, this cannot 

One with copper. Why? 
15. One form of automobile thermostat 


consists of a cylindrical metal bellows, 
which contains air. Attached to the bellows 
is a small rod which controls the valve 
regulating the flow of water through the 
cooling system. The water flows over the 
bellows as it passes from the radiator to 
the engine. What happens to the air in the 
bellows as the water heats up? How should 
this change the flow of water through the 
cooling system? 

16. The expansion joints of bridges 
sometimes consist of metal plates with 
interlocking “fingers.” How would this 
type of joint be affected by changes in 
temperature? 

17. Why are rivets heated red hot before 
being put in place and headed? 

18. It is sometimes possible to crack the 
neck of a bottle off evenly by tying a string 
soaked in kerosene around the bottle where 
the crack is desired. The kerosene is then 
ignited. When it is burning well, the bottle 
is placed in cold water. The bottle cracks 
along the line of the burning string. Explain. 

19, What will happen if you hold an in- 
flated balloon over a hot radiator? 

20. The air above the ice of a pond is 
— 10° C. What temperature would you ex- 
pect the upper surface of the ice to have? 
The lower surface? The water just beneath 
the surface? The water at the bottom? 

21. What causes the holes in bread and 
cake? How is Charles’ law connected with 
their formation? 

22. A red hot crucible of fused quartz 
may be plunged into ice water without 
cracking. Explain. The coefficient of ex- 
pansion of quartz may be found in Table 
10, Appendix B. 

93, Is warm air more or less dense than 
cool air? Is warm water more or less dense 
than cool water? i 

24, Ground glass stoppers are sometimes 
difficult to remove from bottles. Why will 

uring hot water over the neck of the 
bottle help to loosen the stopper? 
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PROBLEMS 


Group A 


1. A copper hot water pipe is 30 ft. 
long. Hot water flowing through it raises 
the temperature from 20° C. to 80° C. 
What is the increase in the length of the 
pipe? 

2, The boiling point of hydrogen is 
—252.7° C. What is it on the Absolute 
scale) 

3. A steam pipe made of iron is 150 ft. 
long. When steam is passed through the 
pipe its temperature increases from 15° C. 
to 100° C. What is the increase in the length 
of the pipe? What is its new length? 

4. Helium boils at 4.1° A. What is its 
boiling point in degrees Centigrade? 

5. Five gallons of gasoline are measured 
out when the temperature is 0° C. What 
volume will this gasoline occupy at 25° C.) 
Coefficient of cubical expansion of gasoline 
is 0,0009° C, 

6. A tank contains 5 liters of hydrogen 
gas at l atmosphere pressure when the 
temperature is 27° C. What volume will 


this gas occupy at 87° C., if the pressure 
remains the same? 

7. A metal rod is 100 cm. long at 0° C. 
If the rod is 100.23 cm. long at 100° Ca 
what is its coefficient of linear expansion? 
Of what material is the rod made? (See 
Table 10, Appendix B.) 

8. What volume will 1 cc. of mercury 
measured at 0° C, occupy at 100° C.? 

9. The steel cables of the George Wash- 
ington Bridge are 8700 ft. long at — 20° C. 
What is their length on a summer day when 
the temperature reaches 35° C.? 

10. Coefficient of cubical expansion of 
alcohol is 0.0011° C. If 100 gal. of alcohol 
is measured out at 5° C., what will be the 
increase in volume as it warms up to 20° C.) 

11. A steel beam is 50 ft. long at 20° C. 
To what temperature must it be heated to 
increase its length to 50.1 ft.? 

(12, What will be the decrease in volume 
of 25 liters of oxygen measured at 27° C., if 
the temperature is lowered to — 23° C.? 


Group B 


13. What distance should be left be- 
tween steel rails which are 30 ft. long when 
laid at 50° F., if the maximum tempera- 
ture to which they will be subjected is 
Ter 

14. The density of air at 0° C. is 
0.00128 g. per cc. What is the density of 
air at 25° C.» The pressure remains con- 
stant. 

15. Henry and George have a rod 24 in. 
long. They place it in an apparatus for 
determining the coefficient of linear ex- 
pansion. On heating it with steam from 
68° F. to 212° F., they find the rod increased 
in Jength 0.033 in, Calculate the coefficient 
of linear expansion. Consult Table 10, 
Appendix B. Of what metal was the rod 
made? 


16. Find the volume at S.T.P. of 150 cc. 


of hydrogen measured at 27° C. and 740 
mm. pressure. 

17. What volume of oxygen must be col- 
lected at 17° C. and 750 mm. pressure in 
order that it occupy 1 liter at S.T.P.) 

18. A tire containing 700 cu. in. of air is 
inflated to 30 Ib. gauge pressure when the 
temperature is 10° C. What will the gauge 
pressure be when the temperature rises to 
35° C.P 

19. Five cu. ft. of gas is measured at 
50° F., and 1 atmosphere pressure. What is 
the volume of this gas at 86° F. and 2.5 
atmospheres pressure? 

20. The bore of a thermometer is 0.05 
cm. in diameter. If the distance between 
the 0° C, mark and the 100° C. mark is 
20 cm., what volume of mercury, measured 
at 0° C. is required for this thermometer? 


Unit Six 
Chapter 11 


Heat Units — Change of State 


1. Heat Units — Specific Heat 


266. How is heat measured? We 
use thermometers to measure temper- 
atures, but they cannot be used to 
measure heat. We have learned, too, 
that two substances may have the 
same temperature, but different quan- 
tities of heat. When a man buys coal, 
he is interested to know how many 
heat units he has bought, and not how 
high a temperature the burning coal 
will produce. It is possible to measure 
in the laboratory the heat conlent of a 
weighed sample of fuel by finding the 
effect which if can produce. If we find, 
for example, that one sample of coal 
will heat one liter of water one degree, 
and that another sample of coal will 
heat one liter of water two degrees, 
then we know that the heat content 
of the latter is just double that of the 


former. Once again, we shall use pure 


water as a slandard in the definition of 
heat units. : 
267. What heat units are used? 
l. The calorie. We talk a great deal 
about calories, and the number that 
We eat each day. The term is so loosely 


used that it may mean to one person 
“boiled rice,” to another “‘ice cream,” 
and to a third “fat bacon.” What does 
it mean to a physicist? The calorie is 
defined as the quantity of heat needed lo 
warm one gram of waler through one 
Centigrade degree. When one gram of 
water cools through one Centigrade 
degree, it loses one calorie of heal. To 
warm one gram of water ten degrees 
one would need ten calories, and it 
would also take ten calories to raise 
the temperature of ten grams of water 
one Centigrade degree. One gram of a 
good grade of soft coal gives out about 
8000 calories as it burns. 

What does the calorie mean to the 
biologist? In the study of biology and 
in dietetics the large Calorie is used. 
We may call them kilo-calories (C) to 
avoid confusion. The large Calorie is 
equal to 1000 small calories. It is the 
amount of heat needed to raise the 
temperature of 1000 grams, or 1 kg. 
of water, L C°. When we say, “A thick 
slice of bread furnishes 100 Calories,” 
we mean that the bread, if totally ox- 


Vocabulary a bat ee 


Dirrerics, hygienic science relating to diet. 
Fusion, melting. 
APonZATION, changing from a liquid to a 
Vapor. 
Supimarion, changing from a solid to a 
Vapor without melting. 
ULFUR pioxipE, a gas formed by burning 
Sulfur in air or oxygen. 


REGELATION, melting under pressure and 
freezing again as pressure is reduced. 

DISTILLATION, A process of vaporization and 
condensation. 

Werpine, pressing or hammering two metal 
bars into permanent union. 

Prastic, capable of being molded, pressed, or 
hammered into a desired shape. 
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idized, would supply the body with 
enough heat to raise the temperature 
of 1000 g. of water 100 C°. Or, it 
would raise the temperature of 100,000 
g. (100 kg.) 1 C°. The Calorie is a 
measure of the fuel value of the food. 

2. British thermal unit. The heat 
unit used in the English system is the 
British thermal unit, abbreviated Btu, 
which is the amount of heal required to 
raise the temperature of 1 lb. of water 
1 F°. One pound of coal furnishes from 
9000 to 16,000 Btu. One cu. ft. of 
artificial fuel gas furnishes from 500 to 
625 British thermal units when it 
burns. Natural gas may furnish 1000 
or more Btu per cu. ft. One Blu equals 
252 small calories. 

268. Substances vary in heat ca- 
pacity. Let us perform the following 
experiment, which was devised by 
Tyndall, a famous English scientist: 
We have five metal balls, aluminum, 
iron, copper, zinc, and lead, and a five- 
pronged support. The balls are first 
placed in a flat-bottomed pan of boil- 
ing water to heat them all to the same 
temperature. Then they are placed 
upon a thin sheet of paraffin. The 
aluminum melts its way through the 
paraffin rapidly, followed by the iron. 
Although the aluminum ball is lighter, 
yet it absorbed more heat. The copper 
and zinc follow at almost the same 
rate, while the lead melts the paraffin 
slowly. If all the balls have the same 
weight, we find that the aluminum 
absorbs the most heat in the boiling 
water, and it then gives up more heat 
to the paraffin. We also conclude that 
of the five metals lead has the lowest 
capacity for absorbing heat, We con- 
clude that some substances heat slowly 
and cool slowly because they have a 
high heat capacity, absorbing more cal- 
ories while being warmed, and liber- 
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ating more calories upon cooling. The 
heat capacity of a body may be defined 
as the amount of heat needed to raise its 
temperature 1 C°. 

269. What is specific heat? Water 
heats slowly and cools slowly. It has 
the highest heat capacity of any ordi- 
nary substance. From the definition 
of the calorie, we conclude that the 
heat capacity of water is 1.00. Since the 
word “specific” implies a ratio, then 
the specific heat of a substance is the 
ratio of its heat capacity to that of water. 

We may define specific heat in terms 
of the heat units. For example, the 
specific heal of a substance is equal to the 
number of calories needed to raise the 
temperature of 1 g. of the substance 
1C°. In the English system, it is the 
number of Btu required to raise the 
temperature of 1 lb. of the substance 
LF®. The specific heat of water is 1.00. 

By experiment, it is possible to show 
that a given weight of iron when heated 
rises in temperature about 9 times as 
fast as the same weight of water. Hence 
we conclude that its specific heat is 
only about $ as much as that of water. 
The average of a large number of trials 
shows that it takes only 0.113 calorie 
to warm one gram of iron 1 C°. Hence, 
the specific heat (sp. ht.) of iron is 
0.113. From Table 6, Appendix B, we 
see that the specific heat of most sub- 
stances is rather small when compared 
to that of water. 

What facts can we infer from simple 
arithmetic? If 1 calorie warms 1 g. 
of water 1 C°., then 100 calories will 
warm 100 g. of water 1 C°., or 100 
calories will warm 1 g. of water 
100 C°, In all cases of this kind, it 
follows that: weight (in g.) X change 
of temperature (C°.) X sp. hl. = calories; 
or, weight (in lb.) x change in lempera- 
ture ( F°.) x sp. ht. = Blu. 
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To illustrate: we find the number of 
calories needed to raise the tempera- 
ture of 300 g. of iron through 50 C°. 
by multiplying its weight (300 g.) by 
its change in temperature (50 C°.) by 
its specific heat (0.113). Or, suppose 
that we wish to find the number of 
calories that 200 g. of water will liber- 
ate in cooling from 80° C. to 20° C. 
Calories = weight (200 g.) X tempera- 
ture change (80° C. — 20° C.) X specific 
heat (1.00). 

270. What is the law of heat ex- 
change? If our coffee is too hot, we 
may cool it by adding to it some cold 
water. Thus the coffee is cooled, but 
the water which we added is warmed, 
and the final temperature of the mix- 
ture will be some point between the 
two initial temperatures. If we touch 
a hot metal pan, our hand gains heat. 
If we touch a block of ice, our hand 
loses heat. Whenever we bring into con- 
tact two substances of unequal tem- 
perature, or mix them thoroughly, we 
find that the warmer one loses heat and 
that the cooler one gains heat, until both 
finally reach the same temperature. 
It is customary to say that heat flows 
from the warmer substance to the 
colder one. Prevost showed that in all 
such cases, the total number of heat units 
lost by the warmer substance equals the 
lotal number of heat units gained by the 
cooler substance. We shall find this 
Statement, known as the LAW OF HEAT 


Cooling from 
80° to 30° 


Warming from 
25° to 30° 


Fig, 324, Both substances reach the same final 
\emperature, 
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EXCHANGE, most useful in solving prob- 
lems involving an exchange of heat. 

In a laboratory experiment, 100 g. 
of iron at 80° C. were added to 113 g. 
of water at 25° C. The final tempera- 
ture of the mixture was found to be 
30° C. From Fig. 324, in which the 
temperatures are all given, we see that 
the iron has cooled through 50 C°., 
from 80°C. down to 30°C. We note 
that the water was warmed from 25° C. 
to 30° C., a change in temperature of 
5C°. Then, 100 g. (wt. of iron) 
X50 (change in temp.) X 0.113 (sp. 
ht. of iron) = 565, the number of 
calories lost by the iron. And, 113 g. 
(wt. of water) X 5 (temp. change of 
water) X 1 (sp. ht. of water) = 565 
calories, gained by water. If any one 
of the six quantities is unknown it may 
be found from the equation, 

calories lost = calories gained. 


4271. How can specific heat be 
measured? The method of mixtures is 
generally used for finding the specific 
heat of a substance. Suppose that we 
have a lump of brass of which we wish 
to find the specific heat, We weigh a 
calorimeter, or metal cup, of known 
specific heat. Then some cold water is 
added to the calorimeter and the com- 
bined weight of calorimeter and water 


--Calories lost by 
metal equal the 
calories gained 

by water and 
calorimeter 


Fig. 325. Metal loses heat while water and 
calorimeter gain heat. 
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is found. The lump of brass is then 
weighed and suspended in steam aris- 
ing from boiling water. Probably the 
temperature is 100° C. Next the cold 
water is stirred and its temperature is 
taken with a thermometer. Then the 
brass is quickly transferred to the cold 
water. Of course there is some loss of 
heat while such transfer is being made. 
(See Fig. 325.) The water is stirred 
until the mercury in the thermometer 
stops rising. The temperature at which 
this occurs is the final temperature of 
the mixture. The brass has been cooled, 
and the water and the calorimeter have 
been warmed. Let us assume the fol- 
lowing data: 


Weight of calorimeter.......... 110 g. 
Specific heat of calorimeter... .. 0.09 
Weight of water.............. 405 g. 
Weight of brass)... asl 2.5 201.9 g 
Initial temperature of the 
WOE gee neers ook 20°C 
Initial temperature of brass.... 100° C 
\ Final temperature of water and 
RASS Or te Pes iiy gs Oa 23.5° C. 


The water and the calorimeter gain heat 


TOX 23:5 = 20) X 0.09 = 34.65 
calories, gained by calorimeter. 
405 x (23.5 — 20) 1.00 = 1417.5 
calories, gained by water. 
Total calories gained = 1452.2. 


By Prevost’s theory, heat lost equals heat 
gained. 


Then, 201.9(76.5)2 = 1452.2 calories. 


Whence, z = 0.094, the specific heat of 
brass. 


This method is a general one. In all 
problems involving heat exchange and 
specific heat, the student needs to con- 
sider which substances lose heat and 
which gain heat; he should bear in mind 
the fact that calories gained equal 
calories lost; and he must remember 
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that weight in grams times change in 
temperature in Centigrade degrees times 
specific heat equals calories. 

272. How does high specific heat 
of water affect us? On one of those 
rare days in early June, the air in the 
latitude of New York may seem quite 
warm. If we are rash enough to take a 
dip in some lake, we find the water 
decidedly cold. The water warms much 
more slowly than the land. In October, 
the reverse is true. The air may be 
chilly, but the water will feel quite 
warm. Water cools slowly. It takes 
quite a long time to heat a quart of 
water to its boiling point. In a hot- 
water bottle in the sick room a couple 
of quarts of water will remain warm 
almost all night. 

Along the Great Lakes regions we 
find a fruit-growing belt. The area 
warms up more slowly in the spring 
and the fruit trees do not bloom early 
enough to be nipped by late frosts. In 
the fall the water retains the heat and 
early frosts are not likely to destroy 
the fruit before it matures. 

Cities situated on large bodies of 
water are not subject to so great ex- 
tremes of temperature as inland cities. 
There is not much difference in lati- 
tude between San Francisco and St. 
Louis. But San Francisco, tempered 
by the Pacific Ocean, has a more 
equable climate than St. Louis. New 
York City is on the ocean, but its 
climate is subject to greater extremes 
than that of San Francisco because it 
is affected by the westerly winds which 
blow across the continent. 

One of the coldest spots on the earth 
is Northern Siberia. It is far distant 
from any large body of water except 
the Arctic Ocean, and that ocean can- 
not moderate its climate to any marked 
degree. 
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2. Fusion 


273, What is fusion? When a solid 
is warmed, it absorbs heat. Ata certain 
temperature, it changes from the solid 
to the liquid state. The process of 
changing from the solid to the liquid state 
is called fusion. It is also known as 
melting, or liquefaction. The tempera- 
ture at which such a change occurs is 
called the melling point. Pure sub- 
stances generally have a definite melt- 
ing point, and different solids have 
different melting points. The determi- 
nation of the melting point of a solid 
is often used as a test for its purity. 

When a liquid changes from a liquid 
to a solid state, the process is called 
solidification. We have already learned 
that some of the solids formed in this 
way crystallize in regular geometric 
forms. The temperature at which 
solidification begins is known as the 
freezing point. For crystalline sub- 
stances the melting point and the 
freezing point have the same tempera- 
ture, 

Non-crystalline substances like glass 
and sealing wax have no definite melt- 
ing point, but they soften gradually 
when heated. Such substances may be 
heated until they soften and then be 
bent, molded, or welded. Wrought iron 
becomes plastic when it is heated. The 
blacksmith heats two pieces of wrought 
iron until they begin to soften, and 
then pounds them together into a single 
Piece by a process known as welding. 
Cast iron has a sharp melting point, 
and it cannot be welded in this man- 
ner, Tt has been said that we live in an 
age of plastics. One wonders what the 
civilized world would do without such 
Plastics as clay, glass, celluloid, pyralin, 
cellophane, bakelite, rubber, etc- 


The tensile strength of a substance 
is reduced as its temperature rises. 
Structural material, such as steel, may 
collapse during a fire as a result of 
such weakening, even before the melt- 
ing point is reached. In some cases, 
this seems to be the reason for the 
collapse during a fire of so-called fire- 
proof buildings. 

274. How does the volume change 
upon solidification? When molten 
paraffin is poured into a tumbler and 
permitted to solidify, the center will be 
found depressed, as in Fig. 326. Paraf- 
fin contracts when it solidifies. Many 
metals and alloys behave in the same 
manner. In fact, non-crystalline sub- 
stances tend to contract upon solidifica- 
tion. 

In winter, we find water pitchers 
broken by the force of expansion of the 
water as it freezes. On cold mornings, 
we see milk bottles, with the frozen 
milk extending up above the neck of 
the bottle. Water pipes may burst if 
the water in them freezes, and auto- 
mobile radiators that have cracked 
from the expansive force which water 
exerts upon solidifying are too com- 
mon. The volume occupied by ice is 
about 1.1 times that occupied by the 
water from which the ice was formed. 
The force of expansion is enormous. 


396. Some liquids expand upon freezing, 


Fig. 
others contract. 
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We find that rocks are split by the 
expansive force exerted when water 
flows into crevices and then freezes. 
There is an erroneous idea common in 
some localities that water pipes do not 
burst when they freeze, but that they 
burst when the pipes are thawed out. 
Of course the pipes do not show a leak 
until the ice inside has melted. 

Bismuth and antimony expand upon 
solidification. Antimony is a constitu- 
ent of type metal. Because it expands 
when the molten metal is poured into 
a mold, the type will be sharp and 
clear-cut. We find that some crystalline 
substances expand when they change 
from the liquid to the solid state. 

275. How does the expansion of 
water upon freezing help us? Natu- 
rally, we are not pleased to have water 
expand and burst our water pipes and 
milk bottles. But let us inquire what 
would happen if water contracted 
upon solidifying. Ice would be denser 
than water. The first layer of ice 
formed at the surface of a lake would 
sink. Other layers would sink as soon 
as formed until the entire body of 
water would be frozen solid in winter. 
The Great Lakes, as well as other 
lakes and streams in the middle lati- 
tudes would be frozen solid throughout. 

The sun’s heat rays do not penctrate 
water to any considerable depth. The 
lakes would not thaw out even in sum- 
mer, except to a slight depth. Fish and 
all forms of aquatic life would perish 
in the Temperate Zones, and our lakes 
and streams would be closed to navi- 
gation. 

276. How does pressure affect the 
melting point? When snow is soft, it 
will “pack.” When we make a snow- 
ball, the snow at the surface melts 
under the pressure which we apply. 
It freezes again as soon as we release 
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the pressure, and the shell of ice thus 
formed holds the snowball together, 
Such behavior is characteristic of solids 
that expand upon freezing. Their melt- 
ing point is lowered by pressure. 

Let us suspend two weights by means 
of a strong wire over the surface of a 
cake of ice, as in Fig. 327. The pressure 
directly beneath the wire lowers the 
melting point of the ice, and the 
weights pull the wire into the ice. As 
the pressure is then released, the water 
above the wire freezes again. Thus the 
wire will cut its way through the ice, 
but the block will still be solid ice 
after the wire has passed entirely 
through the cake. Such melling under 
Pressure and freezing again after the 
pressure is released is called regelation. 
Much of the movement of a huge gla- 
cier as it creeps down a mountainside 
into the valley is due to regelation. 

A very great pressure is needed to 
lower the melting point of ice even 
slightly. For example, a pressure of one 
atmosphere reduces the melting point 
only 0.0075 C°. If snow is very much 
colder than 0° C., it will not “pack” 
readily. 
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Fig. 327. The lowering of the melting point 
by pressure makes regelation possible. 
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If we increase the pressure on a sub- 
stance such as paraffin, which contracts 
when it solidifies, its melting point is 
increased. The student will note that 
the behavior of such substances is just 
the opposite of that of substances 
which expand when they freeze. Some 
rocks in the interior of the earth are 
probably hot enough to melt at normal 
pressure, but they remain solid because 
they are under stupendous pressure, 
If the pressure is released, they melt 
and form the lava of volcanoes. 

277. How much heat is needed to 
melt one gram of ice? Let us put a 
pan of ice water containing a few lumps 
of ice on a gas burner and stir the mix- 
ture all the time the ice is being melted. 
The temperature is 0°C. when we 
begin and it does not rise above 02C; 
until all the ice is melted. Heat is cer- 
tainly being absorbed, but since the 
temperature does not increase, it is 
evident that the heat is being used 
merely to melt the ice. The number of 
calories needed to melt one gram of a 
substance wilhout increasing its tempera- 
lure is called its heat of fusion. At one 
time it was known as latent (hidden) 
heat, because a thermometer does not 
show any evidence of its presence. The 
average of a large number of carefully 
performed experiments shows that it 
requires approximately 80 calories of 
heat to convert 1 g. of ice at 0°C. 
into 1 g. of water at 0° C. In melting, 
ice takes heat from the substances 
around it, thus lowering their tempera- 
ture. Because ice has so high a heat o! 
fusion, it makes an excellent refriger- 
ating agent. It requires 144 Btu to 
change 1 Ib. of ice at 32° F. into water 
at 32° R 

Tn the heat of fusion, we have an 
example of the effect of heat in produc- 
mg a change of state. Fig. 328 shows 
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what happens when we add heat to a 
solid. If we sublract enough heat from 
a liquid, it will solidify. To convert 
1 g. of ice water at 0°C. into ice at 
0° C., one must subtract 80 calories of 
heat. 

+278. How can heat of fusion be 
measured? To find the number of 
calories needed to melt one gram of a 
solid, which is its heat of fusion, we use 
the method of mixtures. We know that 
hot water will melt ice, for example, 
and we can find how many grams of ice 
can be melted by a known weight of 
water at a known temperature. We 
need the following data: weight of 
calorimeter; weight of water; weight of 
ice; initial temperature of hot water; 
and the final temperature when all the 
ice is melted. 

Prosiem. A calorimeter weighing 100 
g. has a sp. ht. of 0.09; it contains 400 g. 
of water at 40° C.; 91 g. of dry ice are 
introduced. When the ice is all melted the 
temperature is 18.2° C. What is the heat of 


fusion of the ice? 
Solution. Both calorimeter and water lose 
heat as follows: 
100 X (40 — 18.2) X 0.09 = 196.2 
calories (lost by calorimeter). 
400 X (40 — 18.2) X 1.00 = 8720 
calories (lost by water). 
Total calories lost = 8916.2 
These’ 8916.2 calories did two things: 
first, they melted 91 g. of ice; second, they 
warmed the 91 g. of water thus formed 
from 0° C. to 18.2° C. 
91 X (18.2 — 0) X 1.00 = 1656.2 


calories gained by water. d 
3916.2 — 1656.2 = 7260 calories, which 


were used to melt the ice. 
7260 + 91 = 79.8 calories used to melt 


1 gram of ice, or its heat of fusion. 
Suecestion. The student will do well to 


lg. 80 
of ice + A 
at 0°C. calories 


Fig. 328. Heat of fusion. 


remember that one gram of ice water is 
formed for every gram of ice that melts. As 
this ice water is being warmed to the final 
temperature, it takes part of the heat from 
the hot water. 


279. Heat is set free when water 
freezes. We have learned that heat 
must be added to a solid to melt it. 
When a liquid solidifies or freezes, it 
seems natural to expect that heat will 
be liberated, since melting ice absorbs 
heat. As a matter of fact, when one 
gram of water at 0° C. freezes, it sets 
free 80 calories of heat to the surround- 
ing medium. The air in winter is 
warmed by the heat liberated during 
the formation of snow and ice. For 
this reason, the weather often moder- 
ates just before or during a snow- 
storm. Tubs of water in cellars may 
give off enough heat upon freezing to 
protect canned fruits and vegetables 
from freezing. 

280. Heat is absorbed in solution. 
Dissolving salt in water lowers the 
temperature. A still more decided 
lowering of the temperature occurs 
when sal ammoniac, potassium iodide, 
or ammonium thiocyanate is dis- 
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solved. Some of the heat energy of the 
solvent is used in dissolving the solute, 
Because heat energy breaks down the 
solid, heating the solvent not only 
causes a substance to dissolve more 
rapidly, but in almost all cases it in- 
creases the total quantity that can be 
dissolved. 

281. When are freezing mixtures 
necessary? We cannot make ice cream 
or frozen puddings by the use of ice 
alone. The melting point of the ice is 
approximately the same as that of the 
substance to be frozen. When salt is put 
on ice it dissolves in the surface mois- 
ture. But a solution of salt in water 
freezes at a lower temperature than 
pure water. In fact the freezing point 
of a saturated solution of salt in water 
is — 21° C. Since the salt solution has 
a lower melting point than water, salt 
added to ice makes the ice melt rapidly. 
Both the melting of the ice and the 
dissolving of the salt absorb heat. Tak- 
ing heat from the cream or the pudding 
lowers its temperature. If we continue 
to take heat away from a liquid, it will 
eventually be cooled below its freezing 
point. 


QUESTIONS 


1. What is a calorie? What is a Calorie? 
What is a Btu? 

2. What is meant by heat capacity? How 
does this differ from specific heat? 

3. What change in natural conditions 
would there be if water contracted rather 
than expanded when ice is formed? 

4. Which has a greater cooling capacity, 
ice at 0° C. or the same quantity of water 
at 0° C.P 

5. Does eating ice cream really make you 
cooler on a hot day? Remember that an 
average portion contains over 200 Cal, 

6. In setting up the type for a news- 
paper, the separate letter molds for a line 
of type are placed together by machine, 
Then molten metal is poured into these 


molds. When hardened, the molds are re- 
moved, and sent back to the machine for 
re-use. The hardened metal bears the im- 
pression of the line of type. Would a metal 
which expands, or one that contracts on 
cooling, be better for this purpose? 

7. Why is calcium chloride usually mixed 
with the cinders scattered on icy roads in 
winter) 

8. Explain how a large body of water 
will temper the weather conditions in the 
cities along its shoreline. Will those on the 
west side or those on the east side be more 
greatly affected) 

9. Which has more heat, 5 Ib. of iron at 
100° C., or 5 lb, of water at the same tem- 
perature? 
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1. Through what temperature change 
will 1000 cal. raise 25 g. of water? 

2, How many calories are required to 
heat a 500-g. ball of copper from 0° C. to 
100° C.? 

3. The freezing point of a salt solution 
is lowered in proportion to the amount of 
salt dissolved in the water. If a solution of 
5 g. of salt in 100 g. of water freezes at 
—3°C., how much salt must be added to 
lower the freezing point to — 6° C.? 

4. How many calories are given out 
when 250 g. of water cool from 85° C. to 
15°C.) 

5. A flatiron weighs 4 lb. How many 
Btu are required to raise its tempera- 
ture from 70° F. to 250° F.? 

6. Paul heats a piece of brass weighing 


500 g. to 250° C. How many grams of ice 
will it be able to melt on cooling? 

7. To what temperature must Edward 
heat a 3-lb. iron ball in order that it may 
completely melt 1 Ib. of ice at 32° F.? 

8. An aluminum calorimeter weighs 50 
g. Its temperature is 20° C. What will 
be the final temperature attained when 
50 g. of water at 100° C. is poured into it? 

9. An aluminum cylinder weighs 4 oz. 
If Harry heats it to 210° F., and then 
plunges it into 1 Ib. of water at TOE 
what will be the final temperature of the 
mixture? 

10. What will be the final temperature 
produced when John mixes 25 g. of ice 
at 0° C., and 25 g. of water at 80° C.? 
What quantity of water will be formed? 


Group B 


11. A glass weighing 100 g. contains 
200 ce. of water at 20° C. How many grams 
of ice at 0° C. must be added to make the 
final temperature 0° C.) Specific heat of 
glass, 0.2. 

12. A calorimeter, specific heat 0.2, 
weighs 100 g. Tt contains 200 g. of water 
at 60° C. William drops 50 g. of ice at 0° 
C. into the water. After stirring, he finds 
that the final temperature of the mixture is 
34° C. Calculate the heat of fusion of ice 
obtained in this experiment. 

13. Robert mixed 300 g. of ice, 500 
8. of ice water, and 1200 g. of water at 
100° C. What was the final temperature of 
the mixture? 


14. A calorimeter weighs 150 g., and 
has a specific heat of 0.1. It contains 150 
g. of water at 20° C. A platinum ball, 
weighing 25 g., is first heated to 400° C., 
and then dropped into the water. If the 
final temperature is 21.8° C., calculate 
the specific heat of platinum. 

15. A block of a certain material weigh- 
ing 75 g. is heated to a temperature of 
100° C. It is then dropped into a calorimeter 
containing 250 g. of water. The calorim- 
eter, specific heat 0.1, weighs 50 g. If 
the original temperature of the water and 
the calorimeter was 20° C., and the final 
temperature of the mixture is 22° C., 
what is the specific heat of the material? 


3. Vaporization and Condensation 


282. What is vaporization? Just 
as the addition of heat toa solid changes 
it into a liquid, so a liquid may be 
changed into a gas or vapor by the 
addition of heat. The process of con- 
verting a liquid into a vapor is called 
“porization, As the liquid is warmed, 


the more rapidly moving molecules es- 
cape from the surface. We call this 
process evaporation. 

If we put a basin of water over a 
gas flame, bubbles of water vapor soon 
begin to form at the bottom of the 
basin. As these bubbles rise through 
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the cooler layers of liquid above them, 
they collapse, causing the familiar 
“singing” so often noticed before 
liquids begin to boil. When the entire 
liquid is hot enough so that these 
bubbles reach the surface freely, vapor- 
ization occurs throughout the liquid 
with visible disturbance. Such vapori- 
zation is called boiling or ebullition. 

283. How fast do liquids evapo- 
rate? So many factors affect the rate at 
which liquids evaporate that there is 
no short answer to this question. Since 
molecules disappear from the surface 
of the liquid during evaporation, any- 
thing that causes molecules to escape 
from the surface more rapidly will ac- 
celerate evaporation. Several facts, 
sometimes called the LAWS OF EVAPO- 
RATION, can be listed: 

1l. Effect of temperature. You know 
that hot water evaporates faster than 
cold water. This is what one would ex- 
pect because heat increases the rate 
at which the molecules move. There- 
fore, we conclude that the rate of 
evaporation increases with an increase 
in temperature. 

2. Effect of area. Suppose that we 
have a quart of water in a deep, nar- 
row vessel and another quart in a 
broad, shallow pan. Common sense 
leads us to believe that more molecules 
can escape in a given time from a sur- 
face of 100 sq. in., for example, than 
from one of 5 sq. in., and the facts 
justify our belief. Hence we conclude 
that the rate of evaporation increases 
as the surface area of the liquid increases. 

3. Nature of liquid. Aleohol evapo- 
rates much faster than water; ether 
evaporates much faster than alcohol; 
but some liquids like glycerin and 
olive oil hardly evaporate at all. We 
find that the rate of evaporation varies 
with the nature of the liquid itself. 


4, Effect of air above liquid surface. 
If you wished to break the world’s 
record in a 100-yd. dash, you would not 
go to a busy street intersection in a 
city to make the attempt. Too many 
collisions would impede your progress. 
There is no doubt but that some of the 
water molecules, attempting to escape 
from the surface by evaporation, col- 
lide with air molecules. Some of them 
doubtless rebound into the liquid 
again. (See Fig. 329.) If some of the 
air above the liquid surface is removed, 
the collisions will be less frequent, and 
the rate of evaporation will be ac- 
celerated. It becomes very rapid in a 
vacuum. Hence we conclude that the 
rate of evaporation is increased when the 
atmospheric pressure is reduced. 

5. Effect of humidity. As water mol- 
ecules escape from the surface, they 
occupy a part of the space between the 
air molecules, thus making a more 
crowded barrier for the molecules try- 
ing to escape. (See Fig. 330.) Now 
some water molecules will collide with 
other water molecules and rebound to 
the liquid. As the air becomes more 
nearly saturated with water vapor, the 
evaporation will be very slow. When 
the number of water molecules return- 
ing per second to the water surface 
exactly equals the number of water 
molecules escaping per second, the air 
is saturated with water vapor. The rate 
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of evaporation of waler is decreased 
when the humidity of the air is in- 
creased. 

6. Effect of wind. Wet clothes dry 
rapidly on a windy day. The perspira- 
tion evaporates rapidly from our bodies 
when we sit in a draft. The saturated 
air in the immediate vicinity is re- 
moved by the wind and replaced by 
fresh, unsaturated air. We conclude 
that the rate of evaporation increases 
with the rale of change of the air in con- 
tact with the liquid surface. 

284. Do solids evaporate? Possi- 
bly the laundress hangs out the clothes 
onacold wintry day. The water freezes, 
but in a few hours the clothes will be 
found to be dry, even though the 
temperature was below freezing all the 
time. The ice must have evaporated. 
The molecules of solids are in constant 
motion, too, but they move more 
slowly than those of liquids. Such 
solids as snow and ice, camphor gum, 
iodine, musk, “moth balls” (naphtha- 
lene), etc., slowly disappear by evapo- 
ration. The vapor pressure of ice at 
0° C. is equal to about 4.5 mm. of 
mercury. If a substance passes from a 
solid to a gaseous state, without ap- 
pearing to liquefy, and then condenses 
again directly to a solid, it is said to 
sublime. Such solids as iodine can be 
purified by sublimation. 


molecules to 


Fig. 330. Vapor is saturated. 
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285. How does pressure affect the 
boiling point? Let us refer to Table 9, 
Appendix B, to see how raising the 
temperature affects the pressure which 
the water vapor exerts contrary to the 
air pressure above its surface as it 
escapes by evaporation. We may think 
of these two forces as opposing one 
another, the water molecules trying to 
escape, and the air pressure on the 
surface of the liquid trying to prevent 
their escape. Let us plot a curve, using 
the pressures at ten-degree intervals 
from 0° C. to 100° C. as ordinates and 
the temperatures as abscissas. (See 
Fig. 331.) 

At a temperature of 100° C., the 
pressure of water vapor is 760 mm. of 
mercury, or one atmosphere. We say 
that the boiling point of water at 760 
mm. of mercury is 100° C., because at 
that temperature its saturated vapor 
exerts a pressure equal to that amount. 
If the air pressure is reduced to 525.8 
mm. of mercury, water will boil at 
90° C. If we increase the pressure to 
787 mm. of mercury, water boils at 


0° = 20°. 5 60 
Temperature, ’C 
Fig. 331. Boiling point varies with pressure. 
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101° C. If we reduce the pressure to 
733 mm., water boils at 99° C. Hence, 
we conclude that the boiling point of 
water increases as the air pressure upon 
its surface increases. Near the boiling 
point, a variation in pressure equal to 
27 mm. of mercury will cause a varia- 
tion of 1 C°, in the boiling point. 

286. Why is pressure cooking 
necessary? If you live in Denver, 
Colorado, or in Quito, Ecuador, you 
find that the air pressure is so low that 
water boils at from 90° C. to 95° C. At 
an elevation of about 900 ft. above sea 
level, the boiling point of water is 
about 1 C°. lower than at sea level. 
At Denver, then, about one mile above 
sea level, boiling water is hardly hot 
enough to hard-boil eggs, and it takes 
a long time to cook potatoes and 
vegetables by boiling. 

At high altitudes, pressure cookers 
are much used. Such cookers are strong- 
walled vessels. The foods are put into 
the cooker, a little water added, and 
then a thick lid is clamped on so 
tightly that steam cannot escape. 
When the water boils, the pressure of 
its saturated vapor is added to the 
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Fig. 332, Cooking under increased pressure. 
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pressure of the air inside the cooker, 
As the pressure rises, the boiling point 
rises, too. In such a cooker the tem- 
perature may rise to 100° C., or even 
to 120° C. Foods cook in about half 
the time at 110° C. that they do at 
100° C. At a gauge pressure of 15 1b., 
potatoes cook in about 15 minutes and 
a pot roast is finished in about 40 
minutes. To save time, pressure cookers 
are also used in many localities at low 
altitudes. They find use in canning 
vegetables and meats, since steriliza- 
tion is more complete at higher tem- 
peratures. (See Fig. 332.) 

287. How are vacuum pans used? 
Let us take a round-bottomed flask, 
add to it a little water, and heat the 
water to boiling. Then we may remove 
the flame and stopper the flask tightly. 
Let us next turn the flask upside down 
and clamp it in position as shown in 
Fig. 333. The flask is full of water and 
steam. If we dip a sponge in cold 
water, and let the water flow over the 
bottom of the flask, some of the steam 


x 
`S Cold water 
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Fig. 333. Lowering the pressure lowers the 
boiling point. 
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inside condenses and produces a partial 
vacuum. The water will start boiling 
vigorously under the reduced pressure. 
When the boiling stops, it can be 
started again by applying more cold 
water. The experiment can be con- 
tinued until the water is really boiling 
at room temperature, or a little above. 

The principle of boiling under re- 
duced pressure is used in vacuum pans. 
Sugar crystals may be obtained from 
a sugar syrup by boiling the syrup in 
a vacuum pan. The liquid evaporates 
more rapidly, and the temperature is 
low enough so that there is no danger 
of scorching the sugar. Dyestuffs and 
other chemicals are dried in this man- 
ner. 

288. What are the laws of boil- 
ing? Several facts concerning boiling 
liquids have been determined. We know 
that a liquid does not boil until the 
pressure of its saturated vapor equals 
the pressure upon the surface of the 
liquid. The temperature at which this 
condition occurs is called the boiling 
point. 

1. The boiling point is sometimes 
used to identify liquids or to determine 
their purity. This is possible because 
every pure liquid has a definite boiling 
point under the same conditions of pres- 
sure. 

2. A liquid does not get hotter as it 
continues to boil. Water boiling vig- 
orously has the same temperature as 
water boiling slowly. Hence we con- 
clude that the boiling point of a pure 
liquid does not change, but it remains 
constant until all the liquid has vapor- 
ized. 

3. From what we learned in the pre- 
ceding sections, we know that the 
boiling point of a liquid rises as the 
atmospheric pressure increases, and falls 
4s the pressure decreases. 
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4, Solids or gases dissolved in liquids 
change the boiling point of the liquids. 
Salt water boils at a higher tempera- 
ture than fresh water. In general, solids 
dissolved in liquids raise the boiling 
point. Gases dissolved in liquids usually 
lower the boiling point. 

5. When two or more liquids having 
different boiling points are mixed, the 
mixture has a different boiling point. 
Generally, its boiling point is some 
temperature between the boiling points 
of the pure liquids. For example, water 
boils at 100° C., and alcohol at 78° C. 
A mixture of the two will usually boil 
at some temperature between 78° C. 
and 100° C. 

289. What is distillation? For 
some purposes it is desirable to have 
water which is free from mineral mat- 
ter. Any impurities dissolved in water 
cannot be removed by filtering. If we 
vaporize the water, the mineral matter 
that had been dissolved remains be- 
hind, and the pure water vapor can 
then be condensed. An apparatus con- 
venient for this process, which is called 
distillation, is shown in Fig. 334. The 
distilling flask contains the impure 
water. As it boils, the vapor passes 
through the inner tube of the conden- 
ser, and it is cooled by the cold water 
which flows through the outer tube. 
Distilled water is used in storage bat- 
teries for automobiles, and in making 
up many solutions in chemical labora- 
tories. 

The pupil must not get the idea that 
distillation merely means purifying 
water. Many liquids are distilled to 
purify them. It is really a complex 
process which consists in first vaporizing 
a liquid and then condensing ils vapor. 
Dew is distilled water. 

290. What is meant by fractional 
distillation? Possibly your father puts 
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Fig. 334. Purification by distillation. 


alcohol in the radiator of his car in 
winter as an antifreeze. The boiling 
point of such alcohol is about 80° C. 
and that of the water with which it is 
mixed is about 100° C. When the en- 
gine gets warm, the alcohol vaporizes 
faster than the water does. In other 
words, one fraction of the liquid distils 
off faster than the other fraction. It is 
possible to separate two or more liquids 
which have different boiling points by 
distilling off one portion and collecting 
it, then raising the temperature and 
distilling off a second portion. 
Petroleum, or crude oil, is a mixture 
of a number of liquids which have 
different boiling points. Some of the 
most important products obtained 
from petroleum are gasoline, kerosene, 
lubricating oils, fuel oils, petroleum 
Jelly, and paraffin. When petroleum is 
heated in a huge distilling flask, the 
products which have low boiling points 
boil off first, followed in order by those 
of increasingly higher boiling points, 
The process of separating such a mix- 
ture is called fractional distillation, 
Fig. 335 shows a still and fractionating 


column used in the refining of petro- 
leum. 

Some complex solids, such as wood 
and coal, yield many different products 
when they are dry distilled. The solid 
is put in a large retort and strongly 
heated. Some of the products which 
escape are gaseous, some of them are 
liquid, and some of the residues left 
in the retort are solid, This process is 
called destructive distillation. 

291. How much heat is needed to 
vaporize one gram of water? Let us 
put a quart of ice water on a gas burner 
and find how long a time it takes to 
heat it to the boiling point. Of course, 
every gram of the water has absorbed 
100 calories of heat in being warmed 
from 0° C. to 100° C. But if we con- 
tinue to watch the time, we shall find 
that the water “boils away” slowly. 
In fact, it will take more than five times 
as long to change the boiling water 
into steam or vapor as it did to warm 
it up to its boiling point. All the time 
that the boiling water was being 
changed to steam, it was absorbing 
heat. Here again, the heat absorbed is 
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Fig. 335. This fractionating tower is used to separate crude petroleum into gasoline, kerosene, and 


other products by fractional distillation. 


latent (hidden), since it cannot be 
shown by a thermometer. We are thus 
led to believe that it takes more than 
500 calories of heat to change one gram 
of boiling water into steam which has 
the same temperature. The heat re- 
quired lo vaporize one gram of a sub- 
stance without changing ils temperature 
is called ils heat of vaporization. 

It is extremely difficult to measure 
the heat of vaporization of water ac- 
curately. The values generally accepted 
range from 535 to 540, with many 
authorities agreeing upon 539 as the 
Most accurate number. For solving 
Problems, we shall use the number 540, 
since it simplifies numerical multipli- 
cations, and it is reasonably accurate. 
Hence, we conclude that one must add 
lo 1 g. of boiling water at 100° C. 540 
calories of heal lo change it into sleam at 
100° C. (See Fig. 336.) Then it will take 
972 Btu to change 1 lb. of boiling 
water at 212° F. into steam at the same 
temperature. To vaporize 1 g. of alco- 


hol, 205 calories are needed. The heat 
of vaporization of liquid ammonia is 
295 calories. We shall see later that the 
high heat of vaporization of ammonia 
makes it useful in making artificial ice. 

x292. How can heat of vaporiza- 
tion be found? Here, too, we use the 
method of mixtures. Steam is passed 
into cold water, as shown in Fig. 337, 
and the increase in temperature noted. 
The trap collects all the water formed 
from the steam which condenses before 
it passes into the calorimeter. One 
needs to know the weights of calorime- 
ter, water, and steam. It is necessary, 
too, to know the original temperature 
of the steam, the water, and the calo- 


540 


1g + calories lg 
Water at Steam at 
100°C. 100°C. 


Fig. 336. Heat needed to vaporize one gram 
of water. 
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rimeter, as well as the final temperature 
of the mixture. Suppose that we get 
the following data: 


Weight of calorimeter.......... 120 g 
Specific heat of calorimeter... .. 0.1 
Weight of water............... 402 g 
Weight of steam............... 23.5 g. 
Initial temperature of the cold 

ROM se bans aerate Ue stews bans ee 
Final temperature of water..... 40° C 
Temperature of steam.......... 100° C 

Computations: 


120 X (40 — 6) X 0.1 = 408 calories, ab- 
sorbed by calorimeter. 

402 X (40 — 6) X 1.0 = 13,668 calories, 
absorbed by water. 

Total calories absorbed = 14,076. 


When 23.5 g. of steam condense, 23.5 
g. of water at 100° C. are formed. 

23.5 X (100 — 40) X 1.00 = 1410 calo- 
ries, lost by water in cooling through 60 C°. 

14,076 — 1410 = 12,666 calories, lost by 
steam in condensing. 

12,666 + 23.5 = 539.0 calories, lost by 
l g. of steam in condensing. 


293. Water gives out heat as it 
condenses. We have discovered that 
heat is absorbed when a liquid, such as 
water, is vaporized. When the vapor 
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condenses this heat is set free again, 
For example, in the boiler of your fur- 
nace the heat from the burning fuel 
changes the water into steam. The 
steam expands and rises to the radia- 
tors. There every gram of steam that 
condenses sets free the 540 calories 
which it had absorbed during vaporiza- 
tion. Thus heat is given out to the room 
by the radiators. 

Every housewife knows that steam 
produces a much more severe burn 
than boiling water. Both may have the 
same temperature. But every gram of 
steam that condenses on a hand or 
arm sets free the 540 calories it had 
absorbed while it was being changed 
to vapor. After it has given up its 
540 calories, each gram of steam can 
still liberate as much heat as a gram of 
boiling water. 

294. Why does evaporation pro- 
duce a cooling effect? If we wet one 
hand and then step out-of-doors on a 
cold day in winter, the hand that was 
wet will be decidedly colder than the 
other. Every gram of water that evapo- 
rates takes 540 calories of heat from 
the skin. Such subtraction of heat must 
cause a cooling effect. The skin is a 
delicate thermostat. We perspire when 
we get too warm. If the perspiration 
evaporates, the skin is cooled. If we sit 
ina breeze where the perspiration evap- 
orates more rapidly, we are cooled more 
decidedly. If the air is very humid on 
a hot day, we suffer from the heat 
because the perspiration does not 
evaporate and cool us. Alcohol is used 
for a sponge bath to reduce fever. It 
evaporates faster than water and cools 
the skin more. Ether boils at about 
35° C. It evaporates so fast when 
poured on the hand that it makes the 
hand feel very cold, 

Our streets are sprinkled in bot 
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Fig. 338. Diagram of a plant for making ice. 


weather. The heat needed to vaporize 
the water comes from the hot pave- 
ment and the surrounding air, and both 
are cooled. 

Let us put a few drops of water on a 
wooden block, place a watch glass con- 
vex side down in the water, and pour 
a couple of teaspoonfuls of ether onto 
the watch glass. If we put the whole 
apparatus under a bell glass and ex- 
haust the air from the bell glass 
rapidly, the ether will boil away 
quickly under the reduced pressure. 
The rapid evaporation of the ether will 
take heat from the thin film of water 
under the watch glass so rapidly that 
the water will freeze. At the end of the 
experiment we shall find the watch 
glass frozen to the wooden block. 

295. What principle is used in 
making ice? On a small scale, ice was 
formed in the experiment just de- 
scribed, To make ice commercially, one 
depends upon the cooling effect of 
evaporation. The faster the evapora- 
tion, the greater the cooling effect. 
Ether produces a greater cooling effect 
than alcohol, and alcohol a greater cool- 
ing effect than water. Suppose we use a 
liquid which boils at — 34° C. Then 
the cooling effect becomes intense. 


At 20° C., ammonia is a gas of low 
density, but it can be converted into 
a liquid by compressing it and cooling 
it at the same time. When it evapo- 
rates, every gram of it absorbs about 
295 calories of heat from the medium 
which is in contact with it. 

Let us study Fig. 338. Ammonia gas 
is compressed in the cylinder by the 
piston. The heat of compression is ab- 
sorbed by the cold water which flows 
down-over the cooling coils, and the 
ammonia liquefies. As the liquid am- 
monia flows through the expansion 
valve into the coils of the brine tank, it 
evaporates and expands. Both produce 
a cooling effect, and the brine which 
surrounds the coils is cooled, possibly 
to —10° C. or lower. The cans of 
fresh water which are immersed in the 
brine are frozen into cakes of solid ice 
in from 24 to 48 hours. 

In cold storage plants, the cold brine 
is pumped through pipes in storage 
rooms. Just as hot water flowing 
through a radiator warms a room by 
radiation, so cold brine circulating 
through coils of pipe will cool a room 
to any desired temperature. 

296. How does the mechanical 
refrigerator work? Electric type. In 


y 


248 


many homes and apartment houses, 
electricity is now used to make ice or to 
keep refrigerators cool. A small electric 
motor of about one-sixth horsepower 
is used to operate a small compressor. 
The gas used may be sulfur dioxide, 
because it is so easily liquefied. In 
many of the most modern refrigerators 
di-chloro-di-fluoro methane (called 
Freon) is now in use. Air circulates 
freely around the coils and absorbs 
the heat produced by compressing. the 
gas. Then the liquid refrigerant is led 
to the coils in one compartment of the 
refrigerator. As it evaporates in these 
coils, it absorbs heat from the sur- 
rounding air, thus cooling the refrig- 
erator compartments and the food in 
them. Pans of water placed inside the 
coils are converted into ice as the heat 
from the water, too, is absorbed dur- 
ing the evaporation of the refrigerant. 

Gas type. Michael Faraday, of whom 
we shall learn more later, devised an 
ingenious method of liquefying gases. 
A thick-walled tube of the type shown 
in Fig. 340 was filled with chlorine gas. 
One end of the tube was packed in a 
freezing mixture of salt and ice, while 
the other end was being heated. Heat- 
ing one end of the tube compressed the 
gas in the other end, where it was 
liquefied as the freezing mixture cooled 
it. By a similar method of compressing 
gases by heating them in a confined 
space and cooling them, Faraday lique- 
fied several different gases, 

The gas refrigerator, which uses the 
slogan “Flames that freeze,” is based 
upon Faraday’s experiments. Water, 
ammonia gas, and hydrogen are placed 
in a series of pipes and sealed. Am- 
monia gas is extremely soluble in 
water, but it is driven out of the water 
by the heat of a gas flame. The rapid 
expulsion of the ammonia gas from the 
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water compresses it until it liquefies 
upon being simultaneously cooled. 
Methyl chloride is used to circulate 
around the pipes where compression 
is taking place and to cool the ammo- 
nia by absorbing its heat of compres- 
sion. The liquid ammonia evaporates 
and expands inside the coils in the 
refrigerator compartment, thus pro- 
ducing the cooling effect. The ammonia 
then redissolves in the water. The hy- 
drogen prevents the formation of a 
vacuum by the rapid solution of the 
ammonia gas, and thus prevents 
“pounding.” The process is repeated 
continually. The gas refrigerator is 
silent in its operation, since there are 
no moving parts. 

297. How are gases liquefied? 
Faraday made a list of several fixed 
gases, as he called them, because he 
could not liquefy them by the method 
described in the preceding section. Such 
gases as hydrogen, oxygen, and air, 
for example, cannot be liquefied by 
pressure alone. It is necessary to cool 
air to — 140° C. before it can be 
liquefied by any pressure, however 
great. The temperature to which any 
gas must be cooled before it can be 
liquefied by pressure is called its 
critical temperature. 

The pressure needed to liquefy a gas 
at its critical temperature is called its 
critical pressure. All gases have now 
been liquefied, by subjecting them to 
high pressure, and then cooling them 
by expansion. Successive compressions 
and coolings are necessary in the case 
of those gases that have very low boil- 
ing points. 

298. How is liquid air made? In 
an apparatus of the type shown in Fig. 
341, air is first compressed. Then it 
circulates through the cooling coils 
where the heat of compression is aby 
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Fig. 339. A mechanical refrigerator of the household type- The compressor is ar en ay a amal 
electric motor. Cold air is blown over the cooling coils by means ofa revolving fn, hs ea oa 
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Fig. 340. In such a tube Faraday succeeded in 
liquefying several different gases. 


sorbed. It expands rapidly as it escapes 
through the needle valve and it is 
thus further cooled. It cools the air in 
the inner of the concentric coils as it 


returns through the outer coils to the ` 


compressor. By continually compress- 
ing the air, absorbing the heat of com- 
pression, and then letting it expand, 
some of the air at the end of the con- 
centric coils is finally cooled to its 
critical temperature, and changes into 
a liquid. 

Liquid air under atmospheric pres- 
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sure boils at from — 182° C. to — 194° 
C., the variation depending upon the 
per cent of nitrogen present. Liquid 
hydrogen boils at — 253° C. If we 
throw a piece of ice into a vessel of 
liquid air, it will probably boil over. 
The ice is so hot compared to the liquid 
air that it makes it boil vigorously. 
Boiling water is only 100 Centigrade 
degrees hotter than ice, but ice is more 
than 180 Centigrade degrees hotter 
than liquid air. Rubber tubing im- 
mersed in liquid air soon becomes hard 
and brittle. It can be easily broken by 
hitting it with a hammer. Mercury and 
alcohol may be frozen solid by pouring 
liquid air over them. In an open vessel 
standing on a cake of ice, liquid air will 
boil vigorously. It may be kept for a 
few hours in an unstoppered Dewar 
flask, which is a double-walled vacuum 
flask similar in construction to a ““Ther- 
mos” bottle. 

Some gases that are easily liquefied 
are now marketed by forcing them into 
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Fig. 341. One type of apparatus that may be used for liquefying air. 
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strong steel cylinders under high pres- 
sure. Carbon dioxide in liquid form is 
now marketed, and it is also sold in the 
solid state for use as a refrigerant. Be- 
cause it sublimes, and does not grow 
wet, the name “Dry ice” is entirely 
apt. It needs only a small quantity to 
produce the same cooling effect as a 
large piece of ice, since its temperature 
is about — 80° C. See Fig. 342.) It 
is used in shipping because it saves 
freight and keeps the food products at 
such a low temperature that there is 
no danger of spoilage. 

x299. The effect of heat on water 
can be shown graphically. Suppose 
that we plot a curve to show what 
changes take place when ice at — 10° 
C. is heated until it is all converted 
into steam under pressure at 120° C., 
using temperature changes as ordinates 
and heat units as abscissas- (See Fig. 
343.) Since the specific heat of ice is 
0.5, 1 g. of ice absorbs 5 calories in 
being warmed to zero degrees; 80 cal- 
ories are absorbed in melting the ice. 
Nole that there is no temperature change; 
100 additional calories are needed to 
warm the water to the boiling point. 
Another change of state occurs, in 
which 540 calories of heat are absorbed. 
If the steam, which has a specific heat 
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Fig. 343. Heat absorbed during a chan 
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Courtesy of Pure Carbonic, Inc. 


Fig. 342. A workman cutting dry ice. 


of almost 0.5, is under pressure, 10 
calories will be used to heat 1 g. from 
100° C. to 120° C. The student will 
certainly find this curve to be very 
helpful in solving those problems which 
involve specific heat and heat of fu- 
sion, as well as those which concern 
heat of vaporization. We see that it 
will require 720 calories of heat in 
order to change 1 g. of ice at 0° C. 
into 1 g. of steam at 100° C. 


Steam at 120°C. 


|---— 10 cal. 
am at 100°C. 


540 calories 


ge of state and temperature. 
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4. Humidity 


300. Whatis meant by humidity? 
Water is constantly evaporating, even 
when the temperature is 32° F, or 
lower. Water vapor, or humidily is 
always present in the air in varying 
amounts. The air over the ocean or 
along the seashore is likely to be more 
moist or “humid” than the air over 
the interior of a continent. Of course, 
winds carry the moisture to inland 
places when they blow shoreward. An 
increase in temperature also increases 
the amount of moisture in the air, pro- 
vided there is a source of supply from 
which evaporation can take place. 

301. What is the capacity of the 
air? The amount of moisture which 
the air can hold when it is saturated is 
called its capacity. Usually capacity is 
expressed in grains per cu. ft. Table 5, 
Appendix B, shows how many grains 
of moisture 1 cu. ft. of air can hold at 
various temperatures. Just as one 
would suspect, the capacily increases 
with an increase in temperature. 

302. What is absolute humidity? 
We may have a bottle which holds one 
quart. That is its capacity or what it 
can hold. If we pour into the bottle one 
pint of milk, the amount of liquid 
which the bottle does hold is one pint. 
Just as a bottle of milk may not always 
be full, so the air may not always be 
saturated with moisture, or filled to 
capacity. The amount of moisture 
1 cu. ft. of air does hold at any given 
time is its absolute humidity. 

303. What is relative humidity? 
When a quart bottle contains one pint 
of liquid, it is 50% full. If a cubic foot 
of air that could hold 4 grains of water 
vapor does hold only 2 grains, it is 50% 
full, or half saturated. The ratio of the 


amount of moisture which the air does 
contain to what it could contain is called 
us relative humidity. We find relative 
humidity by dividing the absolute 
humidity by the capacity. It is usually 
expressed in per cent. 

304. How does temperature affect 
relative humidity? A cold room usu- 
ally feels damp. The same room feels 
“dry” a short time after a fire has been 
started in the room. The total amount 
of moisture in the room has not been 
reduced, but the capacity has been in- 
creased by the rise in temperature. 
Therefore, the relative humidity has 
been lowered. To illustrate, suppose 
that at 32° F. the air actually does hold 
2 grains of water vapor per cu. ft. 
From the table, we see that the ca- 
pacity at that temperature is 2.113 
grains per cu. ft. The relative humidity 
equals 2+ 2.113, or 95%. The air 
under such conditions feels damp. If 
the temperature is raised to 68° F., 
the amount of moisture will remain the 
same, but the capacity is increased to 
7.48 grains per cu. ft. The relative 
humidity now equals 2+ 7.48, or 
27%. The air will now feel very dry. 
Hence increasing the temperature de- 
creases the relative humidity. 

Again, suppose that air at 84° F. 
contains 6.14 grains per cu. ft. The 
relative humidity equals 6.14 + 12.356, 
or 50%. The air has three times as 
much moisture as in the preceding case, 
but it feels drier because its relative 
humidity is fairly low. If the air were 
suddenly cooled to 62° F., the relative 
humidity would rise to 100%. There- 
fore, cooling the air increases the relative 
humidity. 

When the relative humidity is aboué 
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50%, the perspiration evaporates quite 
rapidly and we feel more comfortable 
than at either a very low or a very high 
relative humidity. If the relative hu- 
midity is too low, the skin becomes 


dry and chafed. Too high a relative ` 


humidity is just as uncomfortable, 
especially when the temperature is 
high. The body cannot be cooled in 
hot weather unless the perspiration 
evaporates readily. 

305. How do the wet-and-dry- 
bulb thermometers work? The rela- 
tive humidity may be found by using 
two thermometers, one having a dry 
bulb, the other a wet bulb. When the 
air is dry, the moisture evaporates 
rapidly from the wet bulb, lowering its 
temperature. The faster the evapora- 
tion, the greater the difference of tem- 
perature between the two thermome- 
ters. Tables have been constructed for 
showing the relative humidity directly 
from the difference between the two 
thermometer readings. The hygrodeik, 
Fig. 344, is an application of the same 
principle. The curves are so plotted 
that relative humidity, dew point, and 
absolute humidity may all be read 
directly. (See Table 16, Appendix B.) 

306. What causes precipitation? 
Since cooling the air increases the rela- 
tive humidity, it is possible to cool it 
until the relative humidity reaches 
100%. The temperature at which the 
moisture in the air begins to condense is 
called the dew point. Before precipita- 
lion of any kind can occur, the air must 
be cooled below the dew point. Of course, 
the relative humidity can never exceed 
100%, and the cooling of saturated ‘air 
always results in some form of precipi- 
tation. If the air at 84° F. contains 


Fig. 344. The hygrodeik measures relative and 
absolute humidity and shows dew point. 

8 gr. of water vapor per cu. ft., it will 
begin to lose moisture by condensation 
when cooled below 70° F., because the 
capacity of air at 70° F. is only 7.98 
grains per cu. ft. If cooled to 60° F., 
every cu. ft. of air will lose about 2.25 
grains of moisture. If the dew point is 
below 32° F., the precipitation will 
appear as frost or snow. 

If one puts a thermometer into a 
test tube one half full of water and 
immerses it in a freezing mixture, he 
finds that it is possible to supercool 
the water several degrees: below its 
freezing point without any ice being 
formed. If this supercooled waler is 
disturbed by stirring it with a glass 
rod, it will freeze almost instantly, 
and the temperature will rise to 0° C. 
Clouds often contain masses of such 
supercooled drops of water or water 
vapor when they are calm and quiet. 
Tf an airplane enters such a cloud, the 
water drops instantly solidify and 
form a layer of ice on the wings and 
fuselage of the plane. 
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Summary 


The calorie is the amount of heat required to raise the temperature of 
1l g. of water 1 C°. In heat exchange, calories lost equal calories gained. 

Fusion is the process of changing from the solid to the liquid state. The 
temperature at which the change occurs is the melting point. Increase 
in pressure raises the melting point of substances that contract when 
solidifying, and lowers the melting point of substances that expand 
during solidification. 

To change 1 g. of ice at 0°C. to water at the same temperature 
requires 80 calories; the same amount of heat is lost when 1 g. of water 
freezes. 

The boiling point of a liquid may be defined as the temperature at 
which the pressure of its vapor equals the atmospheric pressure. An 
increase in pressure raises the boiling point; a decrease in pressure lowers 
the boiling point. 

To change 1 g. of water at 100°C. into 1 g. of steam at the same 
temperature requires 540 calories; the same amount of heat is set free 
when the steam condenses. 

Evaporation requires heat. This heat is taken from the surrounding 
medium, thus lowering its temperature. Artificial ice is made by the 
application of this principle. 

The amount of water vapor air can hold at a given temperature is its 
capacity; the amount of water vapor the air does hold is its absolute 
humidity; absolute humidity divided by capacity equals relative hu- 
midity. 


How many of the following terms and phrases can you define or explain? 


Calorie Liquefaction of gases Heat of fusion 
British thermal unit Liquid air Vaporization 
Specific heat Capacity of air Pressure cooking 


Law of heat exchange Relative humidity Laws of boiling 


Speed of evaporation Absolute humidity Fractional distillation 
Pressure, its effect on Fusion Cooling effect of evapora- 
boiling point Solidification tion 
Vacuum pans Liquefaction Mechanical refrigeration 
QUESTIONS 


1. Explain the following observations in 
terms of the kinetic theory: (a) liquids 
evaporate more rapidly at higher tempera- 
tures; (6) the rate of evaporation increases 
as the surface area of the liquid increases; 
(e) evaporation is more rapid when the 
pressure is reduced; (d) water evaporates 
more slowly when the humidity is high. 


2. What are the advantages of pressure 
cookers? 


3. How is fractional distillation used in 
separating the different materials found in 
crude oil? 

4. Why must sugar be dried in vacuum 
pans, and not simply by boiling the water 
off the wet, purified crystals? 

5. Why does rubbing alcohol feel cool to 
the skin when it is applied? 

6. What is meant by absolute humid- 
ity? Relative humidity? Can the relative 
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humidity ever be more than 100%? Ex- 
plain. 
7, Why is it very uncomfortable on hot 
summer days when the humidity is around 
90%? 

8, In winter people sometimes put pans 
of water on radiators, or over hot air ducts. 
Why is this necessary for greater comfort? 

9, A housewife hangs out her washing on 
a day when the temperature is below freez- 
ing. Shortly afterward she notices that the 
clothes are stiff with frost. But later they 
are dry. Explain what happened. 
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10. At outdoor camps water is some- 
times stored in canvas bags suspended 
from the lower branches of trees. The tem- 
perature of this water is generally below 
that of the air around it. Why? 

11. Which will burn you more severely, 
boiling water, or steam at the same tem- 
perature? Why? 

12. A sudden shower cools the air after a 
hot summer day. Why will fog be likely to 
form in the air over a road which was ex- 
posed to the heat of the sun during a great 
part of the day? 


PROBLEMS 


Group A 


1. How many calories of heat are re- 
quired to vaporize 25 g. of water? 

2. When steam condenses and forms 
Lou. ft. of water, how many Btu of heat 
are evolved? 

3, How many grams of alcohol may be 
vaporized by 1000 cal. of heat? «4% 

4. Calculate the number of calories re- 
quired to vaporize 250 g. of water which 
has a temperature of 20° C. 

5. Find the number of Btu lost by 
5 lb. of steam in condensing, cooling to 
0° C., and changing into ice at 0° C. 

6. How many grams of steam at 100° C. 
will be required to raise the temperature of 
250 g. of water from 25° C. to 75° C.? In 


mixtures all substances reach the same 
final temperature. 

7. A liter of water at 15° C. is com- 
pletely converted to steam at 100° C. How 
many calories are needed? 

8. How many Btu are needed to 
convert 5 Ib. of ice at 25° F. to steam at 
220° F.? 

| What is the relative humidity of 
air| which contains 3.990 grains of water 
vapor at 70° F.? Consult Table 5, Appen- 
dix B. 

What is the relative humidity of a 
room in which a dry-bulb thermometer 
reads 68° F., and the wet-bulb thermometer 
reads 60° F.P (See Table 16, Appendix B.) 


Group B 


lL. In an experiment to determine the 
heat of vaporization of water, 15 8- of 
steam at 100° C. was added to 150 g- of 
water at 20° C, in a calorimeter. The calo- 
timeter weighs 75 g., and has a specific 
heat of 0.1. The final temperature of the 
mixture was 73.9° C. Calculate the heat of 
vaporization of water. 

22. An ice-water mixture weighs 200 
g. It is in a calorimeter weighing 100 g., 
specific heat, 0.2. If 35 g. of steam added 
to the mixture raise the temperature to 
50° C., how many grams of ice were origi- 
nally in the calorimeter? 

13. A copper teakettle weighs 11b. Two 
Ib. of water at room temperature (68° F.) 


are placed in it. How many Btu are re- 
quired to boil half the water away? ‘ 

J4. A ton of coal in burning supplies 
12,000 Btu per pound. How many tons 
of water at 70° F. can be converted into 
steam at 312° F., if we assume that 50% 
of the heat is utilized? 

15. How many kilograms of liquid am- 
monia must be vaporized each hour to con- 
vert water at 20° C. into ice at — 15° C. in 
a plant which produces 96 metric tons of 
ice every 24 hours? Heat of vaporization of 
ammonia is 295 cal. 

4%. How much water will a cubic foot 
of air contain at 90° F., if the relative hu- 


midity is 80%? 


Unit Six 
Chapter 12 


Heat — How It Is Distributed 


307. How is heat distributed? In 
an earlier chapter we learned that heat 
comes from the sun, from chemical 
action, and from wasted work. From 
the law of mixtures, we learned that 
heat can be transferred from one body 
to another. We want to know how heat 
gets from our furnaces in the basement 
to the rest of the house. If we learn 


how heat is distributed, we may be 
able to control such transfer of heat. 
Tn some cases we shall want to hasten 
the distribution of heat, and in other 
cases we shall attempt to prevent the 
escape of heat. Physicists list three 
important ways in which heat is trans- 
ferred from one place to another: con- 
duction, convection, and. radiation. 


1. Conduction 


308. What is conduction? If one 
were so lacking in manners as to let the 
bowl of his sterling silver teaspoon 
stand in a cup of hot coffee, he would 
find the handle of the spoon hot enough 
to burn his fingers. When one end of a 
stove poker is held in some live coals, 
the other end of the poker will soon be 
too hot to be held comfortably. In 
some way, the heat is conducted, or led, 
from one end of each solid to the other 
end. The molecules of the live coals are 
in rapid vibration as they produce 
heat energy. The molecules of the 
poker which are adjacent to the coals 
receive some of this heat energy, which 


they transmit along the poker to other 
molecules. Such transmission of heat 
from molecule to molecule is called con- 
duction. 

309. Do solids conduct heat? 
From the preceding section we know 
that silver and iron are conductors of 
heat. By the use of a conductomeler, 
Fig. 345, the ability of solids to conduct 
heat may be compared. The rods are 
covered with paraffin or with a paint 
which changes color when heated. 
When steam is passed through the 
base of the apparatus, the relative 
conductivity of the metal rods can be 
determined by the rate at which the 
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Connuction, transmission of heat from mol- 
ecule to molecule. 

Convection, transmission of heat by the 
intermingling of the heated masses. 

Rapration, transmission of heat energy by 
rays or waves. 

INsuLATOR, a substance that does not con- 
duct heat, 


Assestos, a fibrous mineral that is neither 
flammable nor easily melted. 

Bring, a solution of some salt, possibly com- 
mon table salt. 

Dotprums, the name given to the equatorial 
calm belt. 

ANNULAR, ring-shaped. 

Horse Larrrupes, tropical calm belts. 
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Fig. 345. Some metals conduct heat better 
than others. 

paraffin melts or the paint changes 
color. The order of conductivity of the 
five metals shown here is as follows: 
copper, aluminum, brass, iron, and 
German silver. 

Silver is the best conductor of heat 
known. Copper and aluminum are 
much better conductors than other 
common metals, German silver, which 
is an alloy of copper, zinc, and nickel, 
is not a particularly good conductor. 
Metals generally are much better con- 
ductors of heat than wood or stone. 
(See Table 13, Appendix B.) 

The fibers used for clothing are 
rather poor conductors, although linen 
and cotton are better than wool and 
silk. Sawdust is a poorer conductor of 
heat than wood because there are so 
many air spaces between the particles. 
For the same reason, furs and feathers 


Fig. 346. Water is a poor conductor. 


257 


are poor conductors of heat compared 
to most solids. 

310. Do liquids conduct heat? 
Let us put a piece of ice in the bottom 
of a test tube, weight it, and then fill 
the tube two-thirds full of water. (See 
Fig. 346.) It is possible to boil the 
water at the top of the test tube for 
several minutes before the heat is con- 
ducted down the tube through the 
liquid to melt the ice. Water does 
conduct heat, but it is a poor con- 
ductor. 

A still more sensitive test can be 
made by the use of the apparatus of 
Fig. 347. The bulb of an air thermome- 
ter is surrounded with water in a large 
funnel. The stem of the thermometer 
dips into some colored liquid. Ether 
is poured on the surface of the water 
and set on fire. Although the air ther- 
mometer is extremely sensitive, yet 
the liquid column is lowered only a 
little. This experiment, too, shows that 
water is a poor conductor. Other 
liquids, too, are poor conductors. 

311. Gases are very poor conduc- 
tors. It can be shown by experiment 
that gases are even poorer conductors 
of heat than liquids. Silver conducts 
heat more than 800 times as rapidly 
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Fig. 347. An air thermometer is used to show 
that water is a poor conductor. 


as water does, and almost 20,000 times 
as fast as air. Non-conducting layers 
of air in porous solids are largely re- 
sponsible for their poor conductivity. 
A vacuum is a non-conductor of heat, 
or what is called a heat insulator. 

312. How does conductivity affect 
our temperature sense? If we walk 
into the bathroom on a cold morning, 
we find that the tiled floor feels much 
colder than the rug which covers a 
part of the floor. A thermometer would 
show that both have the same tem- 
perature. The tiling feels colder than 
the rug because it is a better con- 
ductor of heat, and it takes heat from 
the foot faster than the rug does. A 
person who takes a pan of hot bread 
from an oven gets a more severe burn 
if he accidentally touches the metal 
pan than he does by touching the bread 
in the pan. Both have the same tem- 
perature, but the metal is a better 
conductor, and it transmits heat to the 
hand more rapidly. If both the pan and 
the bread were ice cold, then the pan 
would feel colder to the touch than the 
bread. 

313. How does clothing keep us 
warm? The clothing which we wear 
does not afford us any warmth in 
winter, but it does prevent the heat 
of the body from escaping. That kind 
of clothing which is made of the poor- 
est conducting material seems warmest. 
Wool and silk seem warmer than cotton 
and linen because they are poorer con- 
ductors. They help the body to retain 
its heat. Furs are very warm because 
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Fig. 348, Pipes are covered with heat insulators. 
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they contain layers of non-conducting 
air. Two light garments are warmer 
than a single heavy one because there 
is a layer of air between them, and the 
air acts as an insulator. For the same 
reason, two light blankets are warmer 
than one heavy one. 

314. How do we utilize conduc- 
tion? One portion of a stick of wood or 
lump of coal is heated until it is kindled. 
As it burns, the heat is conducted to 
other portions of the fuel, and they in 
turn begin to burn. Without conduc- 
tion, fires would not spread along the 
various portions of a fuel so readily. 
Aluminum pans are much used for 
cooking utensils. The pan conducts the 
heat to the food which is to be cooked. 
The outer surfaces of the cylinders of 
rotary airplane engines and motorcycle 
engines are covered with deeply corru- 
gated metal, sometimes copper. These 
projecting blades or fins help to carry 
away the engine heat and facilitate 
air cooling The surface layers of the 
soil absorb the sun’s heat, and some 
of this heat is conducted to the layers 
beneath. 

315. How can insulators be used 
to save heat? Much money could be 
saved if more attention were given to 
insulation in the building of homes. 
The furnace itself is covered with 
“85% magnesia,” a substance that is 
extremely porous, or it may be covered 


Fig. 349. Brick veneer walls and insulation. 
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insulation-~ 
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Courtesy of Johns-Manville Corporation 


Fig. 350. Rock wool is used to insulate walls and roofs of houses. 


with layers of corrugated asbestos, to 
keep the heat from escaping to the 
basement. The steampipes, too, in the 
basement and in the walls of the house 
may be covered with heat insulating 
material to prevent loss of heat before 
it reaches the rooms where it is wanted. 
(See Fig. 348.) Hot-water storage 
tanks have their walls insulated with 
rock wool. Houses are built with double 
walls and, in very cold climates, with 
double windows. The air spaces in the 
walls keep the heat from escaping in 
winter, and they keep the outside heat 
from coming in during the summer. 
Brick-veneer houses are warm in 
winter and cool in summer if they are 
properly constructed. Let us refer to 
Fig. 349. The brick course must be 
kept about one inch from the sheathing 
to leave an insulating air space. A good 
building paper, or sometimes a kind 
of paper quilt is used to cover the 
sheathing. The space between the 


sheathing and the plaster is filled with 
rock wool or a light flaky mica called 
“zonolith,” to help insulate the walls. 
The same material is used between the 
rafters. (See Fig. 350.) Thin sheets of 
aluminum foil are used to insulate 
roofs and walls of houses. They reduce 
the heat lost by radiations. 

316. How do modern gas ranges 
save heat? Many so-called “fireless” 
gas and electric ranges are now con- 
structed with the idea of conserving 
heat. The oven in such a range is 
made with double walls, and the space 
between the walls is filled with mineral 
wool or some other heat insulator. 
(See Fig. 351.) When a roast is put in 
such an oven, the gas is lighted and 
kept burning for 30 or 40 minutes, 
Then it is turned off and the oven 
sealed. The heat absorbed by the walls 
of the oven is sufficient to finish the 


cooking of the roast. - 
A kind of well is used for cooking 


Courtesy of the Chambers Corporation 


Fig. 351. The oven of some gas ranges has 
walls made of insulating material. 

vegetables by boiling. The walls of this 
well are heated while the gas flame is 
being used to bring the water up to 
boiling, or for the first 10 minutes of 
the cooking. They absorb enough heat 
to complete the cooking of the vege- 
tables after the gas is turned off, (See 
Fig. 352.) 

317. The “Thermos” bottle con- 
serves heat. Hot liquids poured into a 
“Thermos” bottle stay hot along time, 
and cold liquids stay cold. This bottle 
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Fig. 352. The walls of the well absorb h 
and finish the cooking of veguabled rt aa 
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Fig. 353. The “Thermos" bottle depends upon 
the insulating qualities of a vacuum. 
utilizes the fact that a vacuum is a non- 
conductor of heat. Such bottles are 
generally made of glass blown so that 
the walls will be double, as in Fig. 353. 
The air is then exhausted from the 
space between the walls, and the bottle 
is sealed so that no air can then get in. 
Heat does not pass through the walls 
by conduction, and the walls are 
silvered to prevent the transmission of 
radiant heat. 

Some large “Thermos” bottles are 
mounted on motor trucks. Dairymen 
chill the milk by letting it flow in thin 
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Fig. 354. A refrigerator is as good as the in- 
sulating material in its walls. 
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layers over coils containing cold brine 
and then pour it into the huge “Ther- 
mos” bottles to keep it cold during 
shipment. 

318. The refrigerator is a heat in- 
sulator. The old saying, “What will 
keep out cold will keep out heat,” is a 
true one. Our refrigerators are built 
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with this idea in mind. A good re- 
frigerator box has double or triple 
walls. The space between the walls is 
filled with such insulating material as 
corkboard or mineral wool. The door 
must close tightly and be kept closed 
as much as possible. The melting ice 
chills the food. (See Fig. 354.) 


9. Convection 


319, What is the principle of con- 
vection? Suppose that we add a few 
particles of sawdust to a beaker nearly 
full of water and heat it near one edge 
as shown in Fig. 355. The water di- 
rectly over the flame expands and be- 
comes less dense. The denser water 
from the opposite side of the beaker 
flows across and pushes up this less 
dense water, thus setting up convection 
currents as shown by the arrows. The 
circulatory movement of the water is 
shown by the motion of the sawdust 
particles, 

If we light a heater in the center of a 
large room, the air over the heater will 
expand. This less dense air is pushed 


Colder, denser water 
pushes the less dense 
water upward 


Fig. 355. Convection currents in liquids. 


upward by the colder, more dense air 
flowing in along the floor toward the 
center of the room. As the warm air 
reaches the ceiling, it spreads out 
toward the walls, sinking downward 
again as it cools. Convection currents 
may be set up in either liquids or gases 
by unequal heating. By means of such 
currents, heat is transmitted by the 
movement of the heated masses. 

320. How shall we ventilate? The 
whole plan of ordinary ventilation de- 
pends upon convection. The air we ex- 
hale is warmer and fess dense than 
out-of-door air. The foul air may be 
pushed out of an open window near 
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Fig. 356. A room should have cross-ventilation, 
without direct draft. 
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the top of a room by the fresh air which 
enters nearer the floor. The three dia- 
grams of Fig. 356 show clearly how 
convection currents are useful in ven- 
tilating rooms. For ventilating large 
buildings and mines, compressed air is 
in common use. 

321. What is air conditioning? 
The average adult eats about a ton of 
food every year, but during the same 
time he breathes more than six tons of 
air. We wrap our foods in cellophane, 
and we hire inspectors to test the purity 
of our foods, but relatively little atten- 
tion is given to the proper conditioning 
of air. 

The engineer has found that at least 
four things need to be done in the 
proper conditioning of air if one is to 
be comfortable, efficient, and healthy. 

1. The air must be warmed in winter 
and cooled in summer. Man can adapt 
himself to extremes of temperature, but 
he works most efficiently when the tem- 
perature range is from 63° F. to 75° F. 

2. The relative humidity should not 
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be less than 30%, nor more than 70%, 
preferably between 40% and 60%, 
One often hears the expression, “It 
isn’t the heat, but the humidity.” 
(See Fig. 357.) 

3. Air should be filtered to remove 
particles of dust and bacteria that are 
always present in air to some degree. 
The accumulation of dust particles in 
the lungs is responsible for diseases of 
these organs. 

4. The air must be kept in constant, 
gentle motion. 

Air-conditioning units are available 
for hotels, trains, office buildings, thea- 
ters, schools, and homes. In such units, 
air is filtered. It is warmed in winter 
and cooled in summer. Moisture is re- 
moved from the air when it is present 
in excess, and the air is moistened when 
it is too dry. A fan is driven by an 
electric motor to keep the air in motion. 
The expense of installing and operating 
air-conditioning units is the only thing 
that keeps them from becoming popu- 
lar in homes. (See Fig. 358.) 
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Fig. 357. The chart shows the air conditions that are conducive to comfort. 
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Courtesy of Westinghouse 
Fig. 358. Independent air-conditioning unit. 
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322. Why does a chimney draw? 
We know. that a chimney draws when 
the wind blows across the top because 
of Bernoulli’s principle. But even ona 
calm day there is an upward draft in a 
chimney. Before the fire is started in 
the furnace or stove, the air inside the 
chimney has the same density as the 
outside. But when the fire is started, 
air above it expands. Colder, 

enser air from outside then pushes 
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Fig. 359. This tall stack, built for smelting 
copper ores in Montana, is so large that the 
Washington Monument would disappear from 
view if placed inside. Its height is 583 ft. 

the warm air up the chimney and also 
the hot waste products formed by 
combustion. 

A tall chimney draws better than a 
short one, because there is a greater 
difference in weight between the hot 
gases inside the chimney and an equal 
volume of cold air outside. (See Fig. 
359.) 

393. What causes winds? The un- 
equal heating of the air at different 
places on the earth’s surface causes 
huge convection currents in the at- 
mosphere. In this way winds are 
caused. Let us study some of them in 
greater detail: 

1, Land and sea breezes. For several 
reasons, water in the oceans heats more 
slowly than the land along the shore. 
Tt has a higher specific heat than the 
Jand; it is transparent, allowing the 
sun’s heat rays to penetrate to greater 
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depth; and it is in more or less con- 
stant motion. Hence, by the middle 
of the forenoon on a sunny day, the 
land area, and also the air above such 
an area, will be more highly heated. 
The colder, denser air from the ocean 
blows in and forces the less dense air 
upward. Along the coast, a sea breeze 
comes up in the middle of the forenoon 
and blows steadily until late evening. 
(See Fig. 360.) 

At night, the land cools more quickly 
than the water, and the air over the 
ocean becomes warmer than it is over 
the land. A land breeze then blows 
toward the ocean, usually beginning 
shortly before midnight. Fishermen 
along the coast use the land breeze to 
go to sea at night; they return in the 
forenoon with the sea breeze. 

2. Monsoons. These winds are like 
Jand and sea breezes, but they are 
seasonal. In some localities, the land 
areas are so intensely heated in sum- 
mer that the wind blows continually 
toward the land for a period of about 
five months. After about one month 
of more or less variable winds, a huge 
land breeze blows toward the warmer 
ocean during the winter season. 

3. The trade winds. The direct rays 
of the sun in the vicinity of the equa- 
tor, in March or September for ex- 
ample, heat the equatorial areas 
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Fig. 360. Sea breezes blow toward the land 
during the day, 
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strongly and produce upward air cur- 
rents. Where the air is being pushed 
upward, there is no lateral movement 
of air, but a calm belt known as the 
equatorial calm belt, or the “ doldrums.” 
Colder, denser air blows toward the 
equator from both the north and the 
south. These trade winds blow con- 
tinually throughout the year. We 
would expect the trade wind south of 
the equator to blow due north and the 
one north of the equator to blow due 
south, but the rotation of the earth 
on its axis deflects them. In the 
southern hemisphere we have the 
southeast trades, and in the northern 
hemisphere the northeast trades. (See 
Fig. 361.) The student should note 
from the arrows that the warm air 
over the equator is being pushed up- 
ward by the colder air of the trades 
drifting toward the equator. There 
are abnormally high pressure areas 
over the Tropics of Cancer and Capri- 
corn. The air currents there are de- 
scending. For that reason we have the 
Calms of Cancer and Capricorn known 
to sailors as the “horse latitudes.” 
Fig. 361 shows the general atmospheric 
circulation in the spring and fall. Dur- 
ing our summer, the calm belts and the 
trade winds shift northward. In the 
winter they shift southward. 
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Fig. 361. This chart shows atmospheric circula- 
tion when direct rays of the sun shine on the 
equator, 
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324, There are several different 
heating systems. l. Hot-air. In hot- 
air heating systems, air either from 
out-of-doors, or more generally, re- 
turned from the heated rooms, is heated 
by circulating around the firebox. 
This heated air is then distributed by 
the natural convection currents, or by 
the action of a circulating fan, through 
the ducts to the various rooms. Fresh 
air enters around the windows and 
when the doors are open. 

Some hot-air furnaces now in use are 
pipeless. Such furnaces depend entirely 
on convection currents to distribute 
the heat to all parts of the house. The 
furnace of Fig. 363 has one large 
register directly over the furnace. The 
hot air rises from the center of the 
register, circulates through the rooms 
by way of transoms and doors, and 
returns to the furnace to be reheated. 
The register is composite, having an 
opening in the center for the heated 
air, and an annular opening surround- 
ing the former through which the air 
is returned for reheating. 


Fig. 362. Hot-air heating system shows air 
circulating by convection. 
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2. Hot-waler. Hot-water heating sys- 
tems operate on the same principle as 
a hot-air system. However, in this 
case water is warmed and is circulated 
either by convection currents, or by 
the action of a pump. The cooler 
water which circulates around the fire- 
box is heated and rises to the radiators. 
Here it loses heat to the room by radi- 
ation, and then returns to the bottom 
of the furnace to be reheated. 

In such a system, the radiators must 
be larger than those used with steam- 
heating systems, since the water is not 
heated to boiling. Generally, it is not 
heated to more than 160° F. in cold 
weather, and much less in mild winter 
weather. Two pipes must be used, one 
for the entrance of the hot water, and 
the other as a return pipe. An expan- 
sion tank is always connected with the 
system to accommodate the increased 
volume which the water occupies when 
heated, and also to act as a safeguard 
for the escape of steam if the water 
should boil. The arrows of Fig. 364 
show the direction of the circulation 
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Fig. 363. The pipeless hot-air furnace is used 
in cottages and small houses. 
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of the water by means of convection 
currents. In the room, convection cur- 
rents are set up in the air, since the air 
above the radiator is warmed. Thus 
the heat is transferred to the room. 

3. Steam heat. In steam heating sys- 
tems, the water is heated to boiling, 
and the steam, which occupies several 
hundred times as much volume as the 
water had occupied, expands through 
the pipes and into the radiators. As 
the steam condenses in the radiators, 
each gram sets free 540 calories of 
heat; or each pound liberates 972 
Btu. This heat is utilized in warm- 
ing the room. The heat from -the 
radiator is distributed to the room by 
convection and by radiation. After 
condensation occurs, the water returns 
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to the boiler, usually through the same 
pipe. (See Fig. 365.) In large buildings, 
where the volume of water formed by 
condensation is greater, a separate pipe 
is used as the return pipe. Fig. 366 
shows the arrangement of furnace and 
radiators in a steam heating system. 

4. Vapor heat. The vapor heating 
system uses the same type of boiler that 
is used in the steam heating system. 
We know that water boils at a lower 
temperature under reduced pressure. 
In the vapor system, some method is 
used to get rid of part of the air in the 
pipes and radiators. This may be done 
by means of a pump or by use of the 
ejector principle. Of course, two pipes 
must be used in such a system, and 
the radiators and connecting pipes 
must be kept gas-tight. If the pressure 
inside such a system is reduced to one 
half an atmosphere, the water will boil 
at about 180° F. 

325. How do heating systems 
compare? 1. The hot-air system is 
less expensive to install. It is easily con- 
trolled in mild weather, when little 


Å To radiator 


To flue 


Fig. 365. A steam heating furnace. 
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heat is needed. There are no unsightly 
radiators. Dirt and dust should be re- 
moved by filters to keep the circulating 
air clean. It is sometimes difficult 
to heat the rooms on the windward 
side of the house. Tn severe weather, 
the system is considered less efficient 
than other systems. 

2. Steam heating systems are less 
expensive to ins tall than hot-water and 
vapor systems. They are efficient in 
cold weather, especially in large build- 
ings where pressure boilers are used. 
On the other hand, such a system is 
hard to control in the spring and fall 
when only a little heat is needed. The 
house cools off quickly when the fire 
is banked at night. The radiators take 
up room and are generally unsightly. 

3. For use in the spring and fall, the 
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hot-water heating system is almost 
ideal. The water may be kept at a 
temperature just sufficient to keep the 
house from becoming chilly. Such a 
system is also satisfactory and efficient 
in cold weather. The hot-water heating 
system is more expensive to install, 
since return pipes must be used and 
the radiators are larger. The circula- 
tion is sometimes sluggish. If the owner 
were careless, of course, a freeze would 
crack radiators, pipes, and furnace. 

4. The vapor heating system com- 
pines the advantages of the steam and 
hot-water heating systems. It is effi- 
cient and easily controlled in all kinds 
of weather. The radiators are larger 
than those used for steam but smaller 
than those used with hot water. Un- 
fortunately, this system is more ex- 
pensive to install than any of the other 
systems. 

326. How does the hot-water 
tank work? The method of heating 
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Fig. 367. The hot-water tank. An example of 
convection. 
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water for the kitchen, bath, or laundry 
does not differ much from the hot-water 
system of heating houses. A heating 
coil is placed in the furnace, or just out- 
side, so that steam flows around it. 
Quite often gas is used to heat the 
water in the coil. As this water is 
heated and expands, it is pushed up 
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to the top of the storage tank by the 
colder, denser water which enters near 
the bottom of the tank. (See Fig. 367.) 
When hot water is drawn off from the 
top of the tank, -more cold water enters 
from the pipe near the bottom. Con- 
vection currents are set up in the direc- 
tion shown by the arrows. 


3. Radiation 


327. What is radiation? A hand 
held in front of a fireplace is quickly 
warmed by radiation. We receive heat 
from the sun this same way. This 
heat radiation is probably due to the 
internal motion of the atoms and mole- 
cules of the heat-producing body, and 
travels through space as a wave. Heat 
radiation is one of several types of 
wave motion studied in physics, called 
electromagnetic waves. These waves, 
which include light waves, X rays, 
and radio waves, can travel through a 
vacuum, which they all do at the same 
rate of speed, 186,000 miles per second, 
They differ in wave length and fre- 
quency. Heat radiation is not heat 
itself, but the absorption of heat ra- 
diation produces heat in the absorbing 
medium. Substances easily penetrated 
by the heat waves are little warmed by 
their passage. 

328. Heat is absorbed, reflected, 
or radiated. When heat waves are in- 
cident upon an object, a part are re- 
flected, part may be transmitted, and 
the rest are absorbed. Polished metals 
are the best reflectors known; hence 
they are very poor absorbers of heat, 
A poor absorber of heat is also a poor 
radiator. A roughened teakettle ab- 
sorbs heat more readily than a highly 


polished one; it also loses heat faster 
by radiation. 

The color of a substance also affects 
its absorbing power. A black surface 
absorbs heat faster than a white one. 
Hence, light-colored . garments are 
cooler in summer sunshine than black 
ones. Lampblack is the best absorber 
known and also the best radiator. 

Crookes’ radiometer may be used to 
demonstrate these facts. It consists 
of a partially exhausted bulb, in which 
is suspended a light aluminum wheel 
that has a set of vanes in its circum- 
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Fig. 368. A Crookes’ Fig. 369. Leslie's cube 
radiometer operates in and a differential ther- 
sunlight. mometer. 
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ference. Each vane is polished on one 
side and covered with lampblack on 
the other. When exposed to a source 
of radiant energy, heat is absorbed 
more rapidly by the black surfaces. 
The adjacent air is more highly heated 
and rebounds with a greater velocity 
from the black surfaces, thus exerting 
greater pressure and causing the wheel 
to rotate in the direction shown in 
Fig. 368. 

By the use of Leslie’s cube and a dif- 
ferential thermometer, Fig. 369, it may 
also be shown that a black surface 
radiates heat faster than a white one. 
Surfaces of the cube are painted differ- 
ent colors. It is filled with hot water 
and supported so that the black face 
will be the same distance from bulb A 
of the thermometer that the white face 
is from bulb B. Since bulb A is heated 
more rapidly by radiation from the 
black surface, the air within this bulb 
expands more and forces the liquid G 
down the tube. 

329. What are the laws of radia- 
tion? When the moon comes between 
the sun and the earth during an eclipse 
of the sun, it cuts off both the heat 
rays and the light rays at the same 
time. Since light is known to travel at 
a velocity of about 186,000 miles per 
second, we conclude that heat waves 
travel at the same velocity. Heat 
waves also travel in straight lines. 

A person sitting near a fireplace Te- 
ceives more heat than one who is 
farther away. The higher the tempera- 
ture of a radiator, the more heat waves 
it gives off by radiation. Measurements 
show that the intensity of radiant 
energy is directly proportional to the 
4th power of the temperature of the sources 
and inversely proportional lo the square 
of the distance. The planet Mercury 18 
only about one third as far from the 
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sun as the earth; hence it must receive 
about nine times as much radiant heat 
as the earth receives. 

Suppose we put two cups of warm 
water in a refrigerator to cool. The 
refrigerator has a temperature of 
50° F.; one cup of water has a tem- 
perature of 60° F., and the tempera- 
ture of the other is 70° F. By the use 
of a thermometer it may be shown that 
the latter cools twice as fast as the 
former. It is 20° warmer than the 
refrigerator and the former is only 10° 
warmer. NEWTON’S LAW OF COOLING 
may be stated as follows: The rate of 
cooling by radiation is proportional to 
the difference between the temperature 
of the cooling body and the surrounding 
medium. A house at 60° F. cools off 
twice as fast when the outside air is 
20° F. as it does when the temperature 
is 40° F. 

330. What is heat transparency? 
When the electromagnetic waves which 
we call heat radiation pass through a 
substance without heating it, then the 
substance is said to be diathermanous. 
Substances opaque to heat are ather- 
manous. Dry air is quite transparent 
to heat, but air containing much water 
vapor is much more opaque. Clouds 
absorb heat as it travels from the sun 
to the earth, and they prevent, to a 
great extent, the loss of heat from the 
earth by radiation. On high mountains 
the sun’s heat is intense. 

Some substances are transparent to 
light, but opaque to heat. Alum is an 
example. Conversely, iodine solution 
is opaque to light, but transparent to 
heat. 

Heat from the sun readily comes in 
through glass windows, but heat from 
the radiators does not pass out through 
glass readily. If the temperature of the 
source of heat is very high, its waves 
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are short and very penetrating. The 
heat waves given off from a radiator 
are long waves and much less pene- 
trating. Glass is used for covering 
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greenhouses and “cold frames”; the 
heat from the sun passes in through 
the glass, but there is little loss by 
radiation. 


Summary 


Heat may be transmitted by conduction, convection, and radiation. 
Solids conduct heat better than liquids or gases. Convection does not 


occur in solids. 


Good conductors feel hotter than they really are, if their temperature 
is higher than that of the hand; when their temperature is lower than 


the hand, they feel colder. 


Heat insulation is extensively used in house construction, building 
refrigerators, covering pipes, and in fireless ranges. 
Convection depends upon the fact that fluids expand when heated. 


Ventilation systems, hot-air and hot- 


water heating systems, and atmos- 


pheric circulation all depend upon convection currents. 
Good absorbers of heat are good radiators. Good reflectors are poor 


absorbers and poor radiators. 


How many of the following terms and phrases can you define or explain? 


Conduction in solids 
Fireless ranges 

Gases as insulators 
“Thermos” bottle 
Ventilation 

Principle of convection 


Trade winds 


Winds, cause of 


Heating systems 
Insulators as heat savers 
Refrigerators 

Air conditioning 


Land and sea breezes 
Monsoons 
Hot-water tank 
Radiation of heat 
Absorption of heat 
Laws of radiation 


QUESTIONS 


“Ii Why is clothing, made from a light- 
weight, light-colored fabric, cooler in the 
summer than that made from the same 
weight dark-colored fabric? 

2. Why are heavy winter overcoats gen- 
erally made of wool, yet summer clothing 
is mostly made of cotton? 

3. Why is proper insulation of a home 
equally important in winter and summer? 

4.. Why must ice be placed at the top of 

a refrigerator if it is to be an effective 
cooling agent? 
_ „5. Before kindling a fire in a fireplace, 
it is recommended that a crumpled sheet 
of newspaper be held by the tongs up near 
the flue. The newspaper is ignited and ‘al- 
lowed to burn completely. Then the wood 
fire is ignited. Explain. 


6. Which type of heating system pro- 
vides the most even heat? 

7. You can feel the heat of a radiator 
if you place your hand just above the radia- 
tor, beside it, or actually on it. Which 
method of heat transmission is utilized in 
each case? 

8. Howis heat conducted along a metal? 

9. What four factors are controlled in 
air conditioning? 

10. Why is plastic so commonly used 
for the handles on cooking utensils? 2 
‘11, What is the function of a dead-air 
space in a wall, or between the panes of a 
double window? 
12. If a room has just a single window, 
what is the best way to open that window 
to insure proper ventilation? 
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13. Why does the weather move from 
west to east across the United States? 

14. Which type of heating system re- 
sponds most quickly to the firing of the 
furnace? 

15. How does heat get from the sun to 
the-earth? 

46. When ice, chopped from a lake in 
winter, is stored in the ice house, sawdust 
is usually piled around it. Why? 

17. Explain why the handle of a silver 
spoon gets hot so quickly when placed in a 
bowl of hot soup. 

18. In your classroom, the wood panel- 
ing and the blackboard are probably at the 
same temperature. Why does the black- 
board feel so much colder? 

19, Aluminum is a good conductor of 
heat, yet sheets of it are used for insula- 
tion. Explain. 

20. Will a window which is open at the 
bottom, help to cool a kitchen which has 
become extremely hot during the cooking 
of a meal? 

21. Explain how the higher specific heat 
of water over land affects the movement of 
the air along the shores of large lakes or 
the ocean, during a 24-hour period. 

22. Why are the radiators of a hot-water 
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heating system larger than those of a steam 
heating system? 

23. Will radiators be more efficient if 
they are painted black, or if they are 
silvered? 

24. Why are there projecting fins of 
metal around the cylinders of the airplane 
engine shown in Fig. 164? 

25. What methods of heat transfer are 
prevented by constructing vacuum bottles 
with silvered double walls, from between 
which the air has been remoyed? 

26. Why are kitchen exhaust ventilating 
fans placed near the ceiling? 

27. Which type of home heating system 
is most easily adapted for completely air 
conditioning a home? Why? 

28. How does heat get from radiators to 
the various parts of a room? 

29. In which types of home heating sys- 
tems will the air probably need to have 
water vapor added to it to maintain proper 
humidity? 

30. How does the so-called “‘instantane- 
ous” water heater operate? What advan- 
tages does it have over the tank type? 
What are its disadvantages? Will the loca- 
tion in which you live affect your an- 
swer? 


Unit Six 
Chapter 13 


331. Heat and work are related. 
We rub our hands to warm them. We 
not only stimulate circulation, but the 
friction, which is wasted work, is trans- 
formed into heat. A carpenter finds 
that his saw is heated by friction when 
he uses it for some time. Impact also 
produces heat, since it produces in- 
ternal friction between the molecules. 
The heat of impact may be sufficient 
to melt a bullet fired against a hard 
target. 

James Prescott Joule, the English 
physicist who stated the law of the 
conservation of energy, devised an ap- 
paratus for use in finding out how 
much work must be done to produce 
one British thermal unit of heat. The 
apparatus was designed to waste 100% 
of the energy put into it. (See Fig. 370.) 
In this apparatus, weights are per- 
mitted to fall a certain distance. In 
falling, the weights merely turn a set 
of paddles immersed in a known weight 
of water. The constant paddling of the 
water warms it by friction. 

By multiplying the weight used by 
the distance it falls, one can easily 
calculate the number of foot-pounds of 
work wasted during the experiment, 
By multiplying the weight of water by 
the number of Fahrenheit degrees its 
temperature was raised during the 
experiment, one can calculate the num- 
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ber of British thermal units of heat 
produced by the wasted work. Joule 
found that it takes 772 ft.-lb. of work 
to produce one Btu of heat. The aver- 
age of a large number of experiments, 
more recently performed, shows that 
778 ft-lb. of work are equivalent to 
one British thermal unit of heat. In the 
metric system we measure work in 
either ergs or joules. One calorie equals 
4.19 X 107 (41,900,000) ergs, or 4.19 
Joules. 

332, How is heat converted into 
work? It seems to be a poor rule that 
will not work both ways. If it is possi- 


Į Distance weight has fallen 


Fig. 370. An instrument designed to change 
all its energy into heat energy. 


Vocabulary i a a a 


MECHANICAL EQUIVALENT, the value of heat 
units in terms of work units, or vice versa. 

RECIPROCATING, to and fro. 

TURBINE, a rotary motor driven by water or 
steam. 


Sraron, the stationary case or base of a 
turbine. 

Roror, the rotating part of a turbine. 

CARBURETOR, a device for vaporizing gasoline 
and mixing the vapor with air. 
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ble to waste work and produce heat, 
then it seems reasonable to believe 
that it is possible to use heat energy 
to do work. It is possible to do this 
in several ways. It can be shown by 
experiment that one British thermal 
unit of heal can do 778 ft.-lb. of work, 
and that one calorie can do 4.19 X 10" 
ergs or 4.19 joules of work. These num- 
bers are called the mechanical equiva- 
lents of heal. Let us mention briefly 
some of the methods used to make heat 
do work for us: 

1. In our own bodies. Biologists tell 
us that a thick slice of bread, when 
oxidized, furnishes 100 large Calories 
or 100,000 small calories of heat. Sup- 
pose that the bread is oxidized in your 
body and all converted into muscular 
energy. It is then capable of doing 
419,000 joules of work. At an efficiency 
of 100%, that heat energy would en- 
able you to climb a mountain almost 
2500 ft. high, if your weight is 125 lb. 
Of course, part of the heat energy 
which we derive from our food is used 
to keep the body temperature at 
98.6° F., summer or winter. Some of 
our food is utilized for nutrition and 
repair. Experimentation carried out to 
measure the efficiency of a human 
body showed that only 28% of the 
heat energy of a man’s food was con- 
verted into muscular energy. 

2. By use of steam. When water is 
converted into steam, it expands about 
1700 times and exerts pressure in all 
directions. In a steam boiler, the steam 
is confined until it reaches a high pres- 
sure. From the boiler it is led to the 
cylinder of a steam engine, where it 
expands and pushes a piston back and 
forth in the cylinder, thus doing work. 
Heat energy from the burning coal or 
oil produces the steam, and the steam 
in expanding produces the mechanical 
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energy as it drives the piston to and 
fro. 

Suppose that a pound of coal fur- 
nishes 14,500 Btu. If all this heat is 
converted into work, one pound of 
coal is equivalent to 14,500 X 778 ft.- 
lb., or 11,281,000 ft.-lb. of work. For 
every pound of coal that is burned 
per hour, the engine should develop 
281,0005 hp. That is about 5-7 
hp. continuously. In practice, the or- 
dinary steam engine uses about 1.5 lb. 
of coal to produce 1 hp. per hour, an 
efficiency of about 11%. Some of the 
most efficient steam engines do not 
have an efficiency much: above 20%. 

Such low efficiency is not astonishing 
if we consider that nearly 30% of the 
heat energy goes up the chimney dur- 
ing combustion. About 50% of what 
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Fig. 371. Diagram to show how heat energy 
is distributed in a fumace, boiler, and engine. 
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remains is lost because it is impossible 
to use all the expansive force of the 
steam. The energy diagram of Fig. 371 
shows how the heat energy from a 
burning fuel is used or wasted in a 
power plant. 

3. In internal combustion engines. In 
steam engines the fuel is burned be- 
neath the boilers to produce steam. 
Suchan engine is an exlernal combustion 
engine. In gasoline engines, the fuel is 
burned inside the cylinders. They are 
examples of infernal combustion engines. 
A carburetor is used to vaporize the 
gasoline and mix it with air so that it 
will explode. The mixture of gasoline 
vapor and air is exploded in a thick- 
walled cylinder, usually by means of an 
electric spark. The heat energy from 
such explosions causes the gaseous 
products formed by the explosions to 
expand and push against the piston 
with great force. 

333. How does the steam engine 
work? From the boiler the steam is 
led to the steam chest through the 
pipe E, Fig. 372. When the slide valve 
is in the position shown in the figure, 
the steam passes from the steam chest 


into the right end of the cylinder. Here - 


it expands and pushes the piston with 
great force toward the left end of the 
cylinder. The spent steam from the 
previous stroke passes from the left 
end of the cylinder and out through 
the exhaust pipe. The path of the ex- 
panding steam is shown by the arrows. 

The valve then slides to the right 
until the left end of the cylinder is 
connected with the steam chest, and 
the right end with the exhaust pipe. 
Steam enters the left end of the cylin- 
der and pushes the piston to the right. 
By the movement of the valve, steam 
is admitted alternately to the ends of 
the cylinder. Thus the piston is pushed 
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to and fro alternately. Such a motion 
is called a reciprocating motion. The 
student should observe that the open- 
ings in the cylinder are connected alter- 
nately with the steam chest and the 
exhaust by means of the sliding valve. 

334, How does the piston turn 
the drive wheel or the belt wheel? 
The motion of the piston is reciprocat- 
ing, or to-and-fro. If it is to drive the 
wheels of a locomotive or turn the belt 
wheel of a piece of machinery, it is 
necessary to change the to-and-fro mo- 
tion into a rotary one. (See Section 232 
on the treadle of the sewing machine.) 
In Fig. 373, one end of the piston rod, 
A, is fastened to the end of the shaft, 
S. The other end of this shaft is 
attached to the crankpin, F, at the end 
of the crank, FO, by means of a collar. 
While the piston in the cylinder (not 
shown in figure) moves to the right the 
length of the cylinder, the point Æ 
moves to the right a distance equal to 
the diameter, CD, of the circle de- 
scribed by the crankpin, F. Of course, 
the crankpin moves along the half-cir- 
cumference from C to D. During the 
return stroke of the piston, the point 
E moves to the left and pulls the crank- 
pin, F, around the other half-circum~ 
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Fig. 373. Reciprocating motion is changed to rotary motion. 


ference from D to C. The inertia of the 
heavy flywheel carries the piston past 
the two points where there is no steam 
pressure, or past the two positions 
known as “dead centers.” 

335. How are the valves con- 
trolled? 1. Slide valves. It is important 
to remember that the slide valve must 
open and close the pipes leading from 
the steam chest to the different ends 
of the cylinder at exactly the right 
time. They make connections, too, be- 
tween the ends of the cylinder and 
the exhaust, pipe. The rod R of Fig. 372 
is connected by means of shaft A, 
Fig. 374, to an eccentric controlled by 
the crankshaft upon which the fly- 
wheel turns. The shaft, A, ends in a 
collar which fits around the disc, D. 
This disc rotates about the center, C, 
an axis which is off center (eccentric). 
During one half a revolution, the point 
X moves along the curve as indicated 
by the arrows, and the end, A, of the 
shaft or rod moves to the left and 


Fig. 374. An eccentric is used to control a 
slide valve, 


slides the valve to the left in the steam 
chest. ‘As the revolution is completed, 
the end of the shaft is pulled an equal 
distance to the right. While the point 
X describes a complete circle, point A 
moves backward and forward, con- 
trolling the movement of the valve at 
the same time. 

x2. Corliss valves. These valves, 
which are used in some large steam 
engines, do not slide back and forth, 
but they open and close by rocking or 
turning slightly in the valve seats. 
(See Fig. 375.) Each of the four valves 
may be timed independently of the 
others, thus making greater efficiency 
possible. 

+336. There are two types of 
steam engines. 1. Non-condensing 
engines. Suppose the steam as it comes 
from the steam chest into the cylinder 
is under a pressure of 85 Ib. per sq. in. 
It exerts that pressure against every 
square inch of the piston as it pushes 
the piston along the cylinder. But the 
spent steam on the opposite side of the 
piston is meeting a backward pressure 
of one atmosphere, or nearly 15 lb. per 
sq. in., as it is escaping into the air. 
Such back pressure reduces the effective 
sleam pressure to only 70 Ib. per sq. in. 
To get an effective pressure of 85 1b. 
per sq. in. with such an engine, the 
pressure in the steam chest must be 
equal to 100 Ib. per sq. in. A steam en- 
gine of this type is called a high-pres- 
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Fig. 375. A double-expansion engine. Slide 
valves may be used instead of Corliss valves, 


sure engine or non-condensing engine. 

2. Condensing engines. Many sta- 
tionary engines are fitted with a con- 
denser, in which the spent steam is 
condensed by means of a spray of cold 
water. Thus a partial vacuum is 
formed in the condenser, and the back- 
ward pressure of the air against the 
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escaping steam is much reduced, possi- 
bly to only 1 Ib. per sq. in. If an engine 
is fitted with such a condenser, a boiler 
pressure of 86 lb. per sq. in. is approxi- 
mately as effective as a boiler pressure 
of 100 lb. per sq. in. when used with a 
non-condensing engine. Condensing en- 
gines are sometimes called low-pressure 
engines. Of course, a condenser adds 
to the weight of the engine. 

*337. What is a compound en- 
gine? Many locomotive engines are of 
the high-pressure, non-condensing type. 
To increase efficiency, compound en- 
gines are used. (See Fig. 375.) When 
the steam leaves the first cylinder, it 
still has much expansive force. Hence 
it is led to a second cylinder, where it 
does useful work by expanding against 
a larger piston, P’. An engine of this 
type is called a double-expansion en- 
gine. Triple-expansion and even quad- 
ruple-expansion engines are sometimes 
used. 

338. How is boiler efficiency pro- 
vided? The manufacturer of boilers 
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Courtesy of The Pennsylvania Railroad 


Fig. 377. One of the new multi-cylinder steam locomotives capable of pulling full-length passenger 
trains at speeds of 100 miles per hour. Steam at 300 pounds per square inch pressure is admitted 
to the pair of cylinders on each side of the engine. 


for generating steam so designs them 
that the fire and flames will come into 
contact with the largest possible heat- 
ing surface. Two types are in use: 

1. Water-tube type. Such a boiler is 
often used with stationary engines. 
The flames play all around a number 
of pipes filled with water and also 
against the bottom of the boiler itself. 
(See Fig. 376.) More heat is absorbed 
in this way. 

2. Fire-lube type. This type of boiler 
is used on locomotives. From the fire- 
box the flames are drawn through long 
horizontal tubes which are surrounded 
with water. The exhaust steam escapes 
through the smokestack and produces 
the draft. 

i Several other devices increase effi- 
ciency. In Fig. 376 we see that baffle 
walls are used to prevent the flames 
and hot gases from going directly up 
the chimney. They are forced to take a 
circuitous path which enables the water 
to absorb more of their heat before they 
reach the stack. The automatic stoker 


feeds the coal to the fire just as fast 
as it is burned, thus insuring complete 
combustion. An additional supply of 
hot air is fed into the flames, too, 
to aid in making the combustion more 
complete. 

The exhaust steam and the waste 
fuel gases are often used to preheat the 
water before it goes into the boiler. 
This also increases efficiency. 

339. How does the steam turbine 
work? Water acting against the blades 
of a water turbine drives the turbine. 
Steam, too, can be directed upon the 
blades of a turbine to make it rotate 
rapidly. In the Curtis turbine, Fig. 
378, the steam is directed through 
nozzles in much the same manner as 
water is directed against the blades of 
the Pelton water wheel. From the first 
set of movable blades, the steam passes 
to a set of fixed blades, Fig. 379, so 
curved as to direct the steam against 
another set of movable blades. In this 
manner the steam passes from a set of 
movable blades to a set of fixed blades, 
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and so on, until its expansive force is 
practically spent. 

A second type of turbine consists of 
a cylindrical drum, or rotor, having a 
large number of blades set much like 
the blades of a windmill. The rotor is 
mounted in a stator (stationary) base 
or casing which has a large number of 
fixed blades. (See Fig. 380.) The steam 
enters near one end of the turbine and 
flows along the space between the cas- 
ing and rotor, exerting its expansive 
force against the rotor blades and caus- 
ing the rotor to spin rapidly. The 
diameters of both the rotor and casing 
are made larger near the outlet end to 
utilize more fully the expansive force 
of the steam. 

340. Steam turbine yersus recip- 
rocating steam engine. On ocean 
liners, fast cruisers, and destroyers, the 
steam turbine is in common use. For a 
given horsepower, the steam turbine 
occupies less space than a reciprocating 
engine. The rotary motion of the tur- 
bine causes much less vibration than 
the to-and-fro motion of the recipro- 
cating engine. The steam turbine is 
more efficient when running at high 
speed. The rotor of the turbine may 
have the same shaft as the electric 
generator which it drives. This elim- 


Fig. 378. The turbine principle, 
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inates the problem of the transmission 
of power. 

The steam turbine is not as efficient 
at low speed as the reciprocating en- 
gine, because the steam travels through 
the turbine at high velocity and much 
of its expansive force is lost when the 
speed is reduced. The reciprocating 
engine may be easily reversed, but 
the direction of the steam turbine can- 
not be reversed. 

341. The turbo-jet engine powers 
our fastest airplanes. One of the 
newest types of devices for converting 
heat into work is the turbo-jet engine. 
(See Fig. 381.) The turbo-jet engine 
consists of four main parts: (1) A 
compressor which sucks air into the 
combustion chamber. (2) The com- 
bustion chamber itself, in which the 
fuel, possibly kerosene, burns. (3) A 
turbine, which is made to turn by the 
rapid expansion of the burning gases. 
This turbine is connected by a shaft 
with the compressor. Only a small frac- 
tion of the energy of the expanding 
gases is needed to turn the turbine and 
the compressor, the only moving parts. 


Steam chest 


Fig. 379. Path of steam through a Curtis turbine 


Courtesy of General Electric 


Fig. 380. The rotor of a 100,000 kilowatt steam-turbine generator set being lowered into position. 
Notice the stationary blades which redirect the steam against the next set of rotating blades. 
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Courtesy of the Allison Division of General Motors 


Fig. 381. The Turbo-jet engine powers the speedy jet-propelled bombers and fighters. This one 
is used on the Republic Thunderjet, the Northrup Flying Wing, and others. 
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(4) The jet through which the hot 
gases escape. It is the reaction to the 
escape of the gases through the jet that 
supplies the forward force. 

342. How does the gasoline en- 
gine work? The gasoline engine is an 
internal combustion engine. The car- 
buretor vaporizes gasoline, and mixes 
the vapor with air to form the explo- 
sive mixture. This mixture is ignited in 
the cylinder of the gasoline engine by 
means of an electric spark. The en- 
ergy from successive explosions drives 
the piston and furnishes the power. 
The cylinder has thick walls, a piston 
which fits the cylinder so tightly that 
gas cannot pass, a connecting rod which 
connects the piston with the crank- 
shaft, one valve to let in the explosive 
mixture, and another valve to let the 
waste gases escape. Let us see what 
happens in a single-cylinder four-stroke 
engine during a complete cycle: 

STROKE 1, To start the engine, we 
pull the piston down from a position 
near the top of the cylinder, either by 
means of a crank attached to the 
crankshaft or by means of an electric 
motor used as a self-starter. This pro- 
duces a partial vacuum in the part of 
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the cylinder above the piston. The ex- 
plosive mixture from the carburetor is 
pushed into the cylinder through the 
valve V’, Fig. 382A. The outlet valve 
is closed. This stroke is called the in- 
lake stroke. It fills the cylinder with 
the explosive mixture. 

STROKE 2. As we continue to crank 
the car the piston moves upward. It 
takes more force now, because we are 
compressing the gas to about one-fifth 
or one-eighth of its former volume. Dur- 
ing this compression stroke, both valves 
must be tightly closed or we would not 
be able to compress the gas. (See Fig. 
382B.) 

STROKE 3. When the piston reaches 
the top, or nearly so, an electric spark 
is produced between the terminals of 
a spark plug set in the metal cylinder . 
head. The spark ignites the mixture 
and starts the explosion. The hot gases 
expand and drive the piston downward 
with great force. This is the working 
stroke of the piston. Both valves must 
be closed during this ignition or power 
stroke to provide the greatest expan- 
sive force. (See Fig. 382C.) 

STROKE 4, The upper part of the 
cylinder is now filled with waste gases 
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. f Exhaust 


Exhaust 


Fig. 382. The four-stroke gasoline engine. A. intake. B. Compression. C, Power. D. Exhaust. 
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left after the explosion. On the next 
upstroke of the piston these gases are 
pushed out of the cylinder through the 
exhaust valve, V, Fig. 382D. The eg- 
haust stroke completes the operation, 
and the whole process starts anew. 
There are generally 1200 or more com- 
plete cycles per minute. 

The Society of Automobile Engineers 
uses the following formula for finding 
the horsepower of a gasoline engine: 

bp 2 2 
EA 


In the formula, D equals the diameter 
of cylinder in inches and N the number 
of cylinders. 

343. What keeps the engine go- 
ing between power strokes? The 
single cylinder engine is working only 
one-fourth of the time. To keep the 
parts moving between power strokes, 
a flywheel with a heavy rim is attached 
to the end of the crankshaft. The iner- 
tia of this wheel keeps the engine run- 
ning fairly steadily. 

Mulli-cylindered engines are used 
for automobiles. When there is only 
one cylinder, there is one power stroke 
for every 720° of crankshaft revolution. 
With two cylinders, there is one power 
stroke for every 360° of revolution. 
With a four-cylinder engine, there is a 
power stroke for every half-revolution 
of the crankshaft, and the eight- 
cylinder engine furnishes a power 
stroke for every 90° that the crank- 
shaft revolves. The more cylinders 
there are, the greater the flexibility of 
the engine. The flywheel may be made 
smaller, too. An eight-cylinder engine 
may be throttled down to run more 
slowly in traffic with less danger of 
stalling than a four-cylinder engine. 

344. How are the valves con- 
trolled? To control the valves, which 
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Courtesy of the Studebaker Corporation 


Fig. 383. The projection on the cam lifts the 
valve stem as the shaft rotates. 
must open and close at exactly the right 
time; cams are used. A camshaft is 
geared directly to the crankshaft, and 
turns with it. In Fig. 383, one can see 
how the cam lifts the valve stem as the 
camshaft rotates. A spring closes the 
valve just as soon as the cam projection 
has passed the end of the valve stem. 

Fig. 384 shows a sectional view of 
one cylinder of a gasoline engine. Cams 
are shown, as well as the valve springs, 
and the manner in which the valves 
are seated. In actual practice, with an 
L-head motor, both valves are on the 
same side of the engine cylinder, in 
line with each other so that they can 
both be operated from the same cam- 
shaft. In some engines, the valves are 
in the cylinder head. They are operated 
by a camshaft, through a rocker-arm 
mechanism. 

345. How is the engine cooled? 
The constant series of explosions in a 


Intake valve. 
my, 


SELL, 


Gx 


Gasoline and 
air enter 
here 


E7 SSASSN 
a — 


eS 


7 
7 
Valve stem” 


AS SSS 


Y 


RSS 


Waste gases 
exhaust 


N, 


se, P 
‘Coiled spring 


Fig. 384, Sectional view of a gasoline engine, 


gasoline engine soon heats the cylin- 
der head, the piston, and the cylinder 
walls greatly. A gasoline engine does 
not work well until it is hot, but it 
must not get hot enough to “freeze” 
the piston or to warp or distort the 
walls or cylinder head unduly. Oil in 
the crankcase is splashed and pumped. 
to all the moving parts to lubricate 
them and to help keep them cool. 

In automobile engines the cylinder 
block is enclosed by a water jacket so 
that cold water can circulate around 
each cylinder. (See F ig. 384.) A centrif- 
ugal pump is used to keep the water 
circulating. As the water becomes 
warm from the heat it absorbs, it flows 


out the top of the engine to the top of 
the radiator. In the tubes of the radi- 
ator it is cooled by air which is con- 
stantly drawn through the radiator. 
A fan behind the radiator causes the 
draft. The water which has been cooled 
in the radiator then returns to the lower 
part of the engine to absorb more heat. 

Motorcycle engines and airplane en- 
gines are generally air-cooled. Flanges 
or fins attached to the outside cylinder 
walls absorb the heat and increase the 
surface exposed to air so that cooling 
will be more effective, 

346. What are the advantages of 
the gasoline engine? The gasoline 
engine has an efficiency of about 25%, 
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Courtesy Fairbanks, Morse & Co. 


Fig. 385. Transverse section of a large Diesel 
engine, 


considerably higher than that of the 
steam engine. It is very compact and 
furnishes a high horsepower for its 
size. The gasoline engine may be started 
at a moment’s notice, and it can be 
stopped almost instantly. It does not 
waste fuel when it is stopped. The 
steam engine cannot be started until 
the fuel has been burning long enough 
to produce steam, and the fuel con- 
tinues to burn after the engine is shut 
down. There is no need for stoking 
a gasoline engine, but the steam engine 
must always be stoked frequently, un- 
less it happens to be equipped with an 
automatic stoker, as shown in Fig. 376. 

347. What are the disadvantages 
of the gasoline engine? The gasoline 
engine is very sensitive. The spark 


must occur at the right time, and it 
must occur every time. The gasoline 
engine cannot be run economically at 
low speeds. It cannot be reversed, 
except through the use of a gear- 
reversing mechanism. The fuel is rather 
expensive. The speed of a steam engine 
can be easily regulated by a throttle 
which governs the amount of steam 
entering the cylinders. While the speed 
of a gasoline engine can be varied by 
controlling the gasoline supply, yet 
gears are necessary to secure the proper 
variation in speed. The gasoline engine 
will not start under load, and a clutch 
mechanism is necessary to connect the 
engine with its load after the engine 
has been brought up to speed. The 
gasoline engine is rather noisy and the 
gases from the exhaust are disagreeable 
and poisonous to breathe. 

348. How does the Diesel engine 
work? Diesel engines operate on either 
a four-stroke cycle, as an ordinary 
gasoline engine, or on a two-stroke 
cycle. The four-stroke cycle of a Diesel 
engine consists of an intake stroke, a 
compression stroke, a power stroke, 
and an exhaust stroke. During the 
intake stroke, air enters the cylinder. 
During the compression stroke it is 
compressed to one-sixteenth of its 
original volume. This high compres- 
sion heats the air to perhaps 1000° F. 
In a Diesel engine there is no spark 
plug. Just at the end of the compression 
stroke, a fine spray of oil is injected 
into the cylinder. The spray of oil in- 
jected into the highly compressed and. 
very hot air starts to burn immediately. 
The expansion of the hot gases forces 
the piston downward during the power 
stroke. The exhaust stroke pushes out 
the burned gases. 

The two-stroke Diesel engine has 
only a compression stroke and a power 
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Fig. 386. The injector sprays the fuel oil into the cylinder. 


stroke, Exhaust and intake are accom- 
plished at the end of the power stroke 
and the start of the compression stroke 
by the use of a blower. (See Fig, 387.) 
The injection of the fuel takes place 
near the end of the compression stroke, 
The two-stroke cycle thus gives twice 
as many power strokes as a four-stroke 
cycle. For the same size engine, we 
should expect to get twice as much 
power from the two-stroke cycle as 
from the four-stroke cycle. 

The fuel injector is an important 
part of any Diesel engine, since it must 
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spray the desired amount of oil into 
the cylinder under high pressure at 
just the right time. (See Fig. 386.) In 
A the oil chamber has been filled and 
the injector is ready for an injection 
stroke. In B, as the plunger moves 
down, it covers the fuel inlet, trapping 
oil in the chamber. The pressure on the 
oil increases to 15,000 Ib. per sq. in. 
This pressure now forces up the lower 
end of the needle valve plunger, lifting 
the needle valve off its seat. The oil 
can then spray out of the fine holes in 
the spray tip into the cylinder. 
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Fig. 387. The two-stroke cycle of a Diesel engine. 
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Summary 


4.19 joules of work are equivalent to one calorie of heat. One Btu is 
equivalent to 778 ft.-Ib. of work. 

Since heat may produce steam, and expanding steam produces pres- 
sure, the formation of steam furnishes one of the best methods of con- 
verting heat energy into work. The explosion of gasoline vapor is also 
much used for this purpose. 

The ordinary steam engine uses from 7% to 20% of the total fuel 
energy. The gas engine is somewhat more efficient. The cam is used to 
change a reciprocating motion into a rotary one, and vice versa. 

Grates may be equipped with automatic stokers to secure better 
combustion of fuels. To make a boiler more efficient, the water may be 
preheated by the use either of the exhaust steam or of the hot gases 
from the burning fuels. 

Steam engines are of two types: (a) reciprocating; (6) turbine. In the 
steam turbine, the rotating part is driven by the force of the steam as it 
impinges upon the numerous blades of the rotor. 

The four strokes of a gas engine are as follows: (a) Intake; (b) Com- 
pression; (c) Power; (d) Exhaust. The gas engine is more compact and 
more efficient than the steam engine. 

Diesel engines operate on either a four-stroke cycle or on a two-stroke 
cycle. No ignition system is necessary because the fuel-air mixture is 
so highly compressed that the heat of compression is great enough to 


kindle the fuel. 


How many of the following terms can you. define or explain? 


Joule 

Steam engine 

External combustion engine 
Internal combustion engine 


Automatic stoker 


Condensing engine Diesel engine 
Compound engine Gasoline engine 
Slide valves Turbo-jet 


Steam turbine 


QUESTIONS 


1. How many foot-pounds of work are 
equivalent to 1 Btu? How many joules 
of work are equivalent to 1 calorie? 

2. In what different ways is the energy 
which is stored in the foods we eat utilized 
by our bodies? 

3. Why is the second piston of a double 
expansion engine larger than the first? 

4. Why must water that is to be used 
in boilers be carefully purified? Some 
steam plants condense the steam after use, 
and recirculate it through the boiler. In 
this way the same water is used again and 
again. Why is this a desirable procedure? 


5. Why are Diesel locomotives replac- 
ing steam locomotives on many American 
railroads? 

6. How is the fuel ignited in a Diesel 
engine? Is this an application of Boyle’s 
and Charles’ laws? 

7. People who live in the damp, cold 
regions of the world usually eat much more 
fatty foods than those people who live in 
the tropics. Why? 

8. How is a gasoline engine kept run- 
ning between successive power strokes? 

9. What factors affect the horsepower 
of a steam engine? 
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10. What do we mean when we speak 
of the difference between the actual (brake) 
horsepower of an automobile engine and the 
taxable horsepower? 

11. Why is stoker feeding of the fire 
under a boiler better than hand feed- 
ing? 

12. Why is it important to have ade- 
quate ventilation wherever a gasoline en- 
gine is being run? 

13. Does the analysis of flue gases give 
any indication as to the completeness of 
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the burning of the fuel? Is this related to 
efficiency? 

14. An experimental locomotive which 
is powered by a steam turbine has been 
used on one of our eastern railroads. What 
would be the advantages of this type of 
power over that furnished by a regular 
type of steam locomotive? 

15. Trace the changes in the energy of a 
lump of coal in being transformed into the 
light from an electric lamp by which you 
read. 


PROBLEMS 
Group A 


1. How many foot-pounds of work are 
required to produce 500 Btu? 

2. How many joules of work can be 
obtained from 25,000 cal.? 

3. How many Btu per hour are required 
to generate 1 hp.? 

4. A man climbs a mountain 3500 ft. 
high in 4 hours. If the man weighs 150 1b., 
how many Btu of heat energy does he 
use? What horsepower does he exert? 

5. A dish of ice cream furnishes about 


200,000 cal. If your body works with 
an efficiency of 28%, how many joules 
of work can you do, using the energy from 
the ice cream? 

6. A boiler and steam engine operate 
with an efficiency of 10%. If 35 Ib. of coal 
is burned per hour, how much work can the 
engine do? With what horsepower is the 
work done? The coal which is burned 
has a heating value of 12,000 Btu per 
pound. 


Group B 


7. The average pressure of steam in a 
2-cylinder steam engine is 150 1b. per sq. in. 
The radius of the piston is 5 in., and the 
stroke is 15 in. How many foot-pounds of 
work are done during each stroke of one 
cylinder? During each revolution of the 
flywheel? (How many strokes will each 
cylinder make during one revolution of the 
flywheel?) If the flywheel turns at the rate 
of 400 revolutions per minute, what horse- 
power is developed? 

8. If the engine of Problem 7 operates at 
12% efficiency, how much coal must be 
burned per hour? The coal gives 14,000 
Btu per pound. 

9. A gasoline engine develops 100 hp. 
If it runs with an efficiency of 25%, how 
many gallons of gasoline must be used per 
hour? One gallon of gasoline furnishes 
110,000 Btu. 

10. The diameter of the pistons in an 
eight-cylinder car is 3.25 in. What horse- 
power should the engine develop, using the 


S.A.E. rating? This is the “taxable” horse- 
power. 

11. A better indication of the actual 
horsepower developed by an automobile 
PLANK, 
33,000 
P is the average power stroke pressure in 
pounds per square inch; L is the length of 
the stroke in feet; A is the area of the cylin- 
der in square inches; N is the number of 
power strokes per cylinder per minute 
(revolutions per minute + 2); and K is the 
number of cylinders. If the length of the 
piston stroke is 5 in. on the car of Problem 
10, what is the horsepower? The power 
stroke pressure is 120 lb. per sq. in., and 
the engine is turning at 1800 revolutions per 
minute. This is the indicated horsepower. 

12. What is the efficiency of a Diesel- 
electric locomotive which burns 300 gal. of 
fuel oil per hour in developing 3000 hp.? 
One gallon of fuel oil furnishes 100,000 
Btu. 


is given by the formula hp. = 
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SOUND 
PREVIEW 


W HAVE LEARNED THAT HEAT IS DUE TO THE VIBRA- 
tions of the molecules of a substance. The more vio- 
lently the molecules of an object vibrate, the greater the 
intensity of heat possessed by that object. Sound waves, 
however, are produced by the vibratory motion of the ob- 
ject as a whole, such as the prong of a tuning fork, a stretched 
vocal chord, or a tightened string. Sound waves reach our 
ears and stimulate the auditory nerves so that we have the 
sensation of sound. How many sound waves must reach our 
ears per second for us to be aware of a sound? Individuals 
vary greatly in the ability to hear a sound. Between 16 and 
16,000 vibrations per second has often been given as an 
answer to the above question. Some persons cannot hear as 
few as 16, others cannot hear as many as 16,000. Many in- 
dividuals can hear sounds that have a frequency as high as 
19 or 20 thousand vibrations per second. Accordingly, the 
frequency range of 16 to 20,000 vibrations per second is 
considered the audio-frequency range. 

In our study of sound we shall learn that sounds vary in 
loudness, pitch, and quality. We shall find, too, that sound 
waves may be reflected to produce echoes. They may also 
be amplified or absorbed as we please- 

Some sounds are harsh and discordant, and their intensity 
measured in decibels may be almost painful. Other sounds 
are pleasing, and seem to act as a sedative for overwrought 
nerves and weary muscles. 

Above the range of frequencies which the normal human 
ear can hear is a wide range of inaudible sound vibrations 
called ultrasonic waves. Their frequency may vary from 
15,000 to as high as 500,000,000 vibrations per second. One 
of the first applications of this range of frequencies was a 
dog whistle. ‘Animals can hear tones at frequencies higher 
than the human ear can detect. Hence, a dog can hear a 


whistle pitched at 20,000 vibrations per second, while most 
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humans cannot. Such a whistle can be used to call a dog, 
yet it will not annoy the neighbors with any noise. Today 
industry is beginning to investigate the possibilities of these 
ultrasonic waves for many purposes. They have been used 
successfully for removing dust and soot from chimney gases, 
for dispersing fog at airports, and for removing water from 
paper during the manufacturing process. These processes do 
not use the low-powered, single frequency waves to which 
physicists were formerly limited. They use vibrations which 
have an intensity of 160 decibels or higher—one hundred 
times as intense as the noise from a 2000-horsepower air- 
plane engine running full blast in a small room. Yet the 
frequency is so high they cannot be heard. These intense 
sound waves may produce physiological effects which are 
not fully understood at present. Considerable research is 
being carried out to determine the body’s tolerance to these 
powerful vibrations. 

Ultrasonic waves played an important war role as under- 
water detectors. The whole system was known as sonar, 
which means sound navigation and ranging. An object could 
be located by sending out ultrasonic waves, listening for 
their return after reflection, and measuring the time that 
had elapsed. Thus, ships could detect submarines, and sub- 
marines could detect ships. It was possible for one ship to 
converse with another by the use of sonar. All classes of 
ships used sound ranging to measure the ocean depth by 
determining the time needed for underwater ultrasonic 
waves to travel to the bottom of the ocean and to return. 
Today sonar may be used to detect the presence of schools 
of fish, or to find sunken ships. 

The word ultrasonic must not be confused with supersonic. 
Ultrasonic is limited to frequencies of sound waves above 
the range of human hearing. Supersonic refers to speeds 


is to produce a plane that will travel 1000 miles per hour, 
faster than the speed of sound, 
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Unit Seven 
Chapter 14 


1. Sound and Wave Motion 


349. Whatis the source of sound? 
Let us clamp firmly in a vise one end 
of a thin strip of wood or steel. When 
the other end is struck a sharp blow, 
or if it is bowed or plucked, the free 
end of the strip will vibrate to and fro. 
(See Fig. 388.) If it vibrates rapidly 
enough, it will produce a humming 
sound. If we pluck, strike, or bow a 
violin string, we throw the string into 
vibration and sound is produced. From 
such experiments it can be shown that 
sound waves have their origin in vibrat- 
ing malter. 

Let us hold a tuning fork and strike 
one of the prongs a sharp blow. We 
can hear the sound which the fork 
produces. We can prove that the prongs 
are really vibrating rapidly by holding 
them in a glass of water as shown in 
Fig. 389, The water will spatter as the 
prongs of the fork vibrate back and 
forth, although the vibrations are so 
rapid that the eye cannot detect them. 
Any matter, even air itself, may vi- 
brate rapidly enough to produce sound 
waves, 

350. How do sound waves get to 
our ear? In a telephone system, we 


Sound 


need a transmitter, some wires to 
transmit electrical waves, and a re- 
ceiver. Similarly, if we are to hear, we 
must have a vibrating body, corre- 
sponding to the transmitter, which 
produces the sound waves. Our ear 
corresponds to the telephone receiver 
as it picks up the sound waves. Since 
there are no wires to transmit the 
sound waves from the voice of a 
speaker to the ears of a listener, we 
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Fig. 388. A vibrating Fig. 389. The vibrations 
body produces sound of the fork disturb the 
waves. water. 


Vocabulary einen A 


Mıcrornonr, a device for changing sound 
waves into a varying electric current. 

Acoustic, pertaining to the science of sound 
or of hearing. 

Resonance, the reinforcement of one sound 
wave by another. 


INTERFERENCE, the aiding or opposing of 
one sound wave by another. 

Rerraction, the bending of a sound wave out 
of its path as it enters a denser or rarer 
medium. ? 

DecweL, a unit for measuring sound intensity, 
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may well inquire how sound waves 
travel. 

In the majority of cases, the sound 
waves travel through the air from their 
place of origin to our ears. Nearly all 
the sounds we hear come to us through 
the air as a transmitting medium. As 
one climbs a mountain, he must speak 
a little louder in order to be heard. 
The air on the mountain is less dense 
than the air in the valley and it does 
not transmit the sound waves so 
readily. Dense gases are better trans- 
mitters of sound waves than rare gases. 

If we put a small alarm clock or an 
electric bell under a bell jar and let 
it continue to emit sound waves as we 
pump the air out of the bell jar, we 
find that the sound becomes fainter 
and fainter as the air grows thinner 
and thinner. If we can get a fairly 
good vacuum, the sound becomes al- 
most inaudible. The sound increases 
again as we permit air to enter. Thus 
we are led to conclude that sound 
waves do not travel through a vacuum, 
but that they travel readily through 
air. (See Fig. 390.) 

If we listen under water, we can 
hear the paddle wheels of a steamer 
for rather a long distance. The sound 
waves come to us through the water it- 
self. During World War II, vessels 
were fitted with ultrasonic devices 
which were always attached below the 
surface of the water. They were used 
to detect the presence of hostile sub- 
marines. Fishermen believe that fish 
have very sensitive ears. They doubt- 
less hear clearly those sounds which 
have their origin in the water itself, 
but it is doubtful whether they hear 
sounds whose waves have their origin 
in the air, ordinary conversation for 
example. Liquids are betler transmitters 
of sound waves than air or other gases. 
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If someone in the basement taps on 
a steampipe, the sound can be heard 
distinctly in the rooms above. This 
shows that the metal pipe transmits 
sound waves. Michael Pupin tells us 
that as a shepherd boy he was accus- 
tomed to lie down with his ear close 
to the ground to hear sounds more 
clearly as they traveled through the 
solid earth. A streetcar can be heard 
at a considerable distance by a person 
who stands near a trolley pole, because 
the sound travels readily through the 
solid trolley wire and is transmitted 
to the pole. A famous inventor, who 
was hard of hearing, used to listen to 
phonograph records by resting his 
head against the instrument so that the 
vibrations could travel through the 
bones of his head. Some persons who 
are partially deaf can tune or play a 
violin well, because the chin rests on 
the instrument and the vibrations are 
transmitted through the jawbone. In 
general, solids are betler transmitters 
of sound than either liquids or gases. 

351. The ear is a receiver of sound 
waves. If we study Fig. 391, we see 
that the ear is well adapted to receive 
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Fig. 390, The vacuum is not a transmitter of 
sound, 
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Courtesy of the Bell Telephone Laboratories, Inc. 


Fig. 391. The sound waves from the receiver are transmitted to the inner ear. Note the condensations 


shown in the external ear. 


sound waves. The outer ear isso shaped 
that it collects sound waves and con- 
ducts them to the drum of the middle 
ear. Just as in olden days all roads 
were said to lead to Rome, so all the 
channels of the outer ear lead inward 
toward the middle ear. The vibrations 
which reach the ear drum are amplified 
by the small bones of the middle ear, 
which act as levers to multiply the im- 
pulse. In the inner ear the vibrations 
are led to the auditory nerves which 
are spread out along the snail-shaped 
portion of the inner ear. When the 
vibrations stimulate the auditory 
nerves, they carry to the brain sensa- 
‘tions which we call sound. 

Tf a tree falls in a forest where there 
are no ears to hear it, is sound pro- 
duced? To answer this question, which 
is a very old one, it is necessary to 


define sound. In the physiological sense 
of the term, three things are necessary 
for the production of sound: (a) a 
vibrating body; (b) a medium for 
transmitting sound waves; (¢) an ear, 
which serves as a receiver. In the 
physical sense of the term, the word 
sound is synonymous with sound wave. 
The answer depends upon the defini- 
tion used. 

352. Howcan oneinsulate against 
sound? We sprinkle sawdust on the 
floor to deaden sound. We wear shoes 
with rubber soles and walk more 
quietly than we do with leather soles. 
Rugs help to prevent noise, and some 
floors are covered with corkboard. In 
some modern apartment houses, ma- 
terial which is porous OF has a low 
elastic constant may be used in the 
walls to deaden sound. Studios used 
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for radio broadcasting are sound- 
proofed to shut out disturbing sounds. 
Celotex finds extensive use for sound 
insulation. Asbestos mats and silence 
cloths are used on dining-room tables 
to prevent the clatter of dishes. Cork 
floors are used in some churches. 

353. How fast does sound travel? 
We sometimes see a lightning flash 
and then hear the thunder several 
seconds later. If a pistol is fired at a 
distance of several hundred feet, we 
can see the flash a brief interval before 
we hear the report. For short distances 
light is practically instantaneous; hence 
the time interval between the flash of 
the pistol and the report must be equal 
to the time required for sound to travel 
the intervening distance. 

The velocity of sound was measured 
by setting up two cannons on hills 
several miles apart and firing them 
alternately. The distance between the 
two cannons was carefully measured, 
and also the time required for the 
sound to travel that distance. By firing 
from different positions, the errors due 
to the velocity of the wind were 
eliminated. Indirect methods for meas- 
uring the velocity of sound have also 
been used. The average of a large 
number of trials is slightly more than 
1087 feet per second. We are not far 
wrong if we use a number which is 
easier to remember and say that the 
velocity of sound in air at 0° C. is 
1090 ft. per second. As the temperature 
rises, the velocity increases. An in- 
crease in temperature of 1 C°. causes an 
increase in velocity of aboul 2 ft. per 
second. At 15° C., for example, the 
velocity is 1120 feet per second. In the 
metric system, the velocity at 0° C. is 
about 332 meters per second, and the 
increase in velocity is about 0.6 meter 
per Centigrade degree. 
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354. How fast does sound travel 
in other media? In 1827 two Swiss 
scientists measured the velocity of 
sound in water. At one station a bell 
was rung under water at the same in- 
stant that some powder was exploded 
at the surface. An observer some 8 
miles distant measured the interval of 
time between the flash of the powder 
and the sound heard through an ear 
trumpet under water. They found the 
velocity of sound in water to be 1435 
meters per second, or about four times 
the velocity of sound in air. In some 
solids, the velocity is even greater. In 
steel, for example, it is more than 15 
times as great as in air. (See Table 8, 
Appendix B.) 

355. What is meant by sound 
ranging? This science, which was de- 
veloped during World War I, made use 
of a knowledge of the velocity of sound 
to locate enemy field guns from the re- 
ports of their firing even when the 
flash was completely concealed. Listen- 
ers at various microphones scattered 
over a given area behind the trenches 
recorded with great precision the exact 
time when the report of a gun was re- 
ceived. 


Position of 
the gun / 
Hi 


Fig. 392. Sound waves spread out along the 
radii of concentric spheres. 
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Suppose we let the points A, B, and 
C of Fig. 392 represent the positions 
of three listeners. The positions of 
the stations are accurately plotted on 
a military map. B hears the report 
of the gun just 1 second after A hears 
the same report, and C hears the re- 
port 2 seconds later than A. Just as 
water waves spread out in all directions 
from a pebble thrown into a pond, so 
the sound waves from the gun as a 
center spread out along the ground in 
ever-increasing circles. If the velocity 
of sound on that day was 1120 ft. per 
second, then we draw from B and G 
as centers two circles having radii 
whose relative lengths are 1120 (repre- 
senting | second of time) and 2240 
(representing 2 seconds of time) re- 
spectively. 

An arc is then drawn through the 
point A and tangent to both circles. 
This arc forms a part of a circle, the 
circumference of which represents the 
advancing sound wave. The center of 
that circle is the point from which the 
gun was fired. From the map, the dis- 
tance to the gun, the range, can be de- 
termined with aruler, and its direction, 
or azimuth, found by using a protrac- 
tor. This method is sufficiently ac- 
curate that a gun several miles distant 
can be located within a very few feet 
and then be readily destroyed by gun- 
fire. 

356. What is meant by vibration? 
Tn a preceding section We learned that 
a thin strip of steel may be used to 
illustrate vibrations. When one end 
is clamped firmly, and the other end is 
struck a sharp blow with a hammer, 
the free end vibrates, or moves to and 
fro, as shown in Fig. 388. Just as in the 
vibration of the pendulum, the move- 
ment from A to B constitutes a half 
vibration, and the movement from A 
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to B and return a complete vibration. 
The amplitude of the vibration is meas- 
ured by the distance AC; the period is 
the time required for one complete vi- 
bration; and the frequency is the num- 
ber of complete vibrations per second. 

357. There are two kinds of vi- 
bration. 1. Transverse. Let us fasten 
the ends of a stretched spiral spring 
several feet long and then pluck the 
spring at right angles to its length. 
(See Fig. 3934 .) A wave is set up which 
travels along the spring from one end 
to the other and then returns by re- 
flection. A wave in which the particles 
vibrate at right angles to the path the 
wave travels along is a transverse ware. 

Water waves, with which we are all 
familiar, are transverse waves. As the 
wave advances, the water rises and 
falls, but there is actually little or no 
forward movement of the water itself, 
except possibly near the shore. The 
fact that there is no progressive mo- 
tion of matter in transverse waves is 
clearly shown by a field of waving 
grain. Before the wind, the stalks of 
grain bend forward and downward; 
after the wind has passed, they bend 
upward and backward. The wave may 
travel entirely across the field, but of 
course there is no progressive move- 
ment of the stalks of grain themselves. 

9. Longitudinal. Suppose we com- 
press several turns of the stretched 
spiral spring of Fig. 393B.and then re- 
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Fig. 393. Diagram A shows transverse waves. 
Diagram B shows longitudinal waves. 
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lease them quickly. A wave such as 
this one in which the particles vibrate 
in the same direction as the path along 
which the wave travels is longitudinal. 

358. Sound waves are longitu- 
dinal. Look at Fig. 388. While the steel 
strip there shown is moving from A to 
B, the air immediately in front of it is 
compressed or condensed, while the air 
immediately behind it expands and 
becomes rarefied. As the strip moves 
back again from B to A the air that 
was compressed by the first movement 
now expands and the air that was ex- 
panded is compressed. As the strip 
continues to vibrate, a series of con- 
densations and rarefactions is pro- 
duced. In Fig. 394 the crowded lines 
represent the condensations and the 
others the rarefactions. Such a train 
of waves is longitudinal; it develops in 
the direction of the path along which 
the waves are traveling. 

There is little forward movement of 
air in such a wave train, since each 
pulse communicates its energy to the 
air in front, in much the same way as 
the collision balls of Fig. 395 communi- 
cate impulses. If ball A is raised and 
then let fall, the impulse is communi- 
cated to each ball in turn, until C is 
reached. This ball flies out to the posi- 
tion shown in the figure, but the others 
remain stationary. We may place six 
boys in line, and let each one place his 
hands on the shoulders of the boy im- 
mediately in front of him. The boy at 
the rear of the line gives a sudden push. 
That impulse is communicated from 
one boy to another until the boy at the 
head of the line is reached. He alone 
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Fig. 394. A train of waves, 
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359. How are sound waves meas- 
ured? If the wave is transverse, we 
measure its length by finding the dis- 
tance between a particle in one wave 
and a corresponding particle in the 
same phase of the next wave. (See 
Fig. 396.) The highest parts of the 
waves as shown at C and D are called 
crests; the point T shows the trough of 
the wave. The length may be measured 
from crest to crest by finding the dis- 
tance between C and D, or by measur- 
ing the distance from A to B, or from 
z to y. 

Tf a wave is longitudinal, we find its 
length by measuring the distance be- 
tween successive condensations, or be- 
tween successive rarefactions. (See 
Fig. 394.) The length of the wave is 
measured from A’ to B’ or from C’ 
to D’. 

360. How are velocity, 
length, and vibration rate related? 
Suppose that we have a tuning fork 
which is vibrating at a frequency of 275 
times per second on a day when the 
velocity of sound is 1100 ft. per second. 
It is evident that we will have 275 con- 
densations with an equal number of 
rarefactions forming a train of waves 
1100 ft. in length. We can find the 
length of each wave by dividing the 
velocity, 1100 ft., by the total number, 


wave 


Fig. 395. How waves progress. 
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275. (1100 + 275 = 4.) Hence each 
wave is 4 ft. long. The first wave will 
travel 4 ft. before the second one 
starts, and the first one will be 8 ft. 
distant before the third one has started. 
Physicists use the letter V to repre- 
sent the velocity, the letter n to repre- 
sent the frequency or the number of 
vibrations per second, and the letter l 
to represent the wave length. Then the 
mathematical relationship may be ex- 
pressed by the formula, 
Venl. 
If any two of the quantities are known, 
the third one may be calculated by use 
of the formula. 


Prosiem. A fork having a frequency of 
320 has a wave length of 3.5 ft. Find the 
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velocity of the sound in air. What was the 
temperature? 

Solution. From the formula, V = nl, we 
see that the velocity is equal to the product 
of the frequency and the wave length, 
320 x 3.5 ft. = 1120 ft., the velocity in 
feet per second. To find the temperature, 
we subtract 1090 ft., the velocity at 0° C., 
from 1120 ft. The difference equals 30 ft. 
30 + 2 = 15, the number of degrees needed 
to cause an increase of 30 ft. per second in 
the velocity. Hence the temperature was 
15° C. We shall have occasion later to use 
the formula, V = nl, in calculating radio 
wave lengths and frequencies. 


Wave length 


Fig. 396. Transverse waves. 


9. Reflection of Sound 


361. How are echoes produced? 
Everyone has stood at some distance 
from a cliff or forest and listened to 
the echo which is produced as he calls 
loudly. Just as a rubber ball rebounds 
from a hard surface, so sound waves 
are reflected when they strike against 
a medium of greater density. If the 
sound wave travels back along the 
perpendicular to the reflecting medium, 
a person in its path hears the sound 
repeated. An echo is a repetition ofa 
sound due to the reflection of the sound 
wave from some surface. A person stand- 
ing between parallel walls may hear a 
sound repeated several times as the 
sound wave is reflected back and forth 
between the walls. A remarkable case 
of this kind occurred in a city in In- 
diana. The word Knickerbocker,” 
when uttered at one particular spot, 
was re-echoed twenty times before it 


became inaudible. The sound of thun- 
der in a mountainous region is heard to 
echo and re-echo as the sound wave is 
reflected back and forth between the 
sides of the valleys. 

The reflected sound wave travels at 
the same velocity as the direct wave. 
On a day when the temperature is 
90° C., the velocity of sound is 1130 ft. 
per second. A cliff 1130 ft. distant will 
produce an echo after 2 seconds. It will 
take one second for the direct wave to 
reach the cliff, and one second for the 
reflected wave to return. 

362. How may echoes be useful? 
In foggy weather the captain of an 
ocean vessel may use echoes to deter- 
mine his nearness to a rocky coast or 
an iceberg. If the blast of the whistle 
is returned quickly, he knows that he 
is approaching danger. This method of 
sensing danger is not altogether de- 
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pendable because weather conditions 
may make it hard to hear the echoes 
or judge the direction. Many vessels 
are also fitted to receive submarine 
signals, since an underwater signal is 
not affected by weather conditions. 
Tron tanks are fitted near the bow of 
the vessel, one on either side of the 
ship. Each tank, which is filled with 
salt water, contains a microphone, 
which is connected with telephone re- 
ceivers in the pilot house. A sound 
signal is produced, which is trans- 
mitted through the water to some dis- 
tant object. Then it is reflected back 
to the ship, where it is transmitted 
through the side of the ship to the 
microphone, which amplifies the sound 
in the receiver. Just as a person with 
two ears can determine the direction 
from which a sound comes, so the two 
receivers enable a listener to judge from 
what direction the signal is coming. 
The time elapsed enables him to calcu- 
late the distance. 

The depth of the water may be deter- 
mined in a similar manner. A sound 
produced from the hull of the vessel 
travels downward through the water 
and is reflected back from the bottom 
of the ocean. By measuring the time 
which elapses between the sending and 
the receiving of such a signal, the 
depth of the ocean can be calculated, 


since we know the velocity of sound in 


water. This method of finding the 
depth of water is rapidly replacing the 
line and lead formerly used for sound- 
ing. 

363. The acoustic properties of 
buildings are important to speak- 
ers. In some large halls and assembly 
rooms, echoes prove troublesome. The 
duration of sound in an auditorium 
may be as long as two seconds, while 
in a small room, the sensation of sound 
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may persist for one second. In one or 
two seconds, a sound wave can travel 
between one and two thousand feet. 
It can be reflected back and forth from 
one wall to another many times before 
dying out. Such multiplicity of sound 
waves produces a great deal of confu- 
sion. A hall of this type is difficult for 
speakers because the echoes are so 
troublesome. A trained speaker, how- 
ever, can time his words and syllables 
to reduce the confusion. Quite often 
the echoes disappear when the hall is 
filled with people, since the sound 
waves are broken up. Many auditori- 
ums today have the walls and ceilings 
covered with sound-absorbent material 
to reduce the reflection of the waves. 
Furniture and draperies are also help- 
ful in breaking up sound waves and 
preventing troublesome echoes. 

364. What are whispering galler- 
ies? Some large buildings have remark- 
able acoustic properties. Sometimes a 
dome-shaped ceiling will so reflect the 
sound waves that they are focused at 
one particular place. In the Capitol 
building at Washington, whispers that 
are uttered near one side of the Hall of 
Statuary can be heard distinctly near 
the opposite side, although they are 
inaudible in the center of the room, 
only half as far away. A low whisper 
uttered near one side of St. Paul’s 
Cathedral in London is distinctly 
audible at the other side, over 100 ft. 
away. A pin dropped on a railing near 
one end of the Mormon Tabernacle in 
Salt Lake City can be heard clearly at 
the other end, over 200 ft. distant. 

*365. Sound waves can be photo- 
graphed. The series of photographs 
shown in Fig. 397 were taken by Pro- 
fessor A. L. Foley, of Indiana Uni- 
versity. They show very clearly just 
how the actual sound waves behave. 


Fig. 397. Photographs of sound waves taken by Professor 
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The origin of the sound wave was a 
spark produced between electric termi- 
nals. This wave spread out in all direc- 
tions, forming larger and larger spheres 
as it advanced, in much the same way 
that a toy balloon increases in size as 
we inflate it. When the sound wave 
strikes a plane surface through which 
it cannot pass, the part of the wave 
farthest in advance strikes the reflector 
first and is turned back. The other 
portions are then reflected in turn, as 
shown at D. The reflected wave would 
represent the echo of the original 


SOUND 


sound. From a curved surface the 
sound wave is also reflected, but its 
curvature is increased as it is turned 
back from a convex surface, as in B; 
its curvature is decreased when it is 
turned back from a concave surface, 
as in Æ. Sound waves are refracted, or 
bent out of their course, in passing 
through a lens filled with some gas 
either denser or rarer than air. In C 
of the figure we see that both reflection 
and refraction .occur, part of the wave 
passing through the lens and a part 
being reflected. 


3. Loudness and Pitch 


366. How do sounds differ? The 
crash of thunder may be very loud; a 
whisper may be soft and low. The 
chirp of a cricket has a note of shrill, 
high pitch; the growl of a bulldog is a 
deep bass. The voices of Bing Crosby 
or Dinah Shore are pleasing ; some other 
voices are not so pleasing, and we would 
not pay very much to hear some per- 
sons sing. These three examples show 
how sounds differ from one another. 
Each one is distinct from the others, 
and the characteristics do not overlap. 
Sounds differ from one another in sey- 
eral fundamental properties: (a) inten- 
sily, (b) loudness, (c) pitch, (d) quality. 

367. What do we mean by inten- 
sity and loudness? 1. Intensity. If 
we throw a small pebble into the water, 
higher waves are produced than. by 
dropping it into the water more gently. 
When a bow is drawn across a violin 
string lightly, only a small amount of 
energy is imparted to the string, and 
the sound wave is not very intense. 
More vigorous bowing increases the 


amplitude and the sound becomes more 
intense. 

A large stone thrown into a pond 
causes a larger volume of water waves 
than a small pebble. A large tuning 
fork produces a greater volume of 
sound waves than a small one. Hence 
the large fork produces a more intense 
sound. A cannon produces a more in- 
tense sound than a toy pistol. The in- 
tensity of a sound depends on the energy 
of the sound waves, and is increased by 
increasing the amplitude and the area 
of the vibrating body. 

2. Loudness. Sometimes intense 
sounds do not appear very loud to us. 
The medium through which they come 
may transmit sounds poorly, or we 
may be too far distant to hear them 
distinctly. Loudness is the properly of 
sound determined by the effect which 
sound waves have on our ears. Since 
sound waves are given off in all direc- 
tions from a vibrating body, the waves 
spread out over a greater area as they 
advance. The areas of the surfaces of 
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these concentric waves are propor- 
tional to the squares of their distances 
from the center. A bell will usually be 
one-fourth as loud to a person one-half 
mile away as it is to one who is only 
one-fourth mile distant. We conclude 
that the loudness of a sound is inversely 
proportional to the square of the distance 
from the source; it depends on the 
medium through which the sound travels 
and on the sensitivity of the ear. 

368. Special conditions affect 
loudness. As we have seen, sound 
waves ordinarily spread out in all direc- 
tions from the vibrating body. But if 
one uses a megaphone, the sound wave 
to a large extent is directed by the sides 
of the megaphone and is intensified in 
one direction. In such cases, doubling 
the distance does not decrease the 
loudness to one-fourth for those per- 
sons directly in front of the megaphone. 
Consequently, cheerleaders using meg- 
aphones at a football game can make 
themselves heard above the noise of the 
crowd when they announce the cheers. 
This same principle is used in the 
aulomobile horn, and the radio loud- 
speaker. The speaking tube, which is 
still used in apartment houses, is 
similar to the megaphone in gen- 
eral principle. In some radio studios, 
sound-reflecting walls whose degree of 
reflection can be changed, are used to 
overcome the “deadness” produced 
by too complete sound absorption. An 
orchestra playing in such a studio has 
the “live” sound characteristic of a 
concert hall. For large assembly halls, 
public address systems with loud- 
speakers are extensively used. 

In the stethoscope as used by phy- 
sicians, a diaphragm much larger than 
the drum of the middle ear is used to 
increase loudness. Such a diaphragm 
collects more sound waves than the 


drum could possibly receive and trans- 
mits them by means of rubber tubes 
to the ears of the listener. 

369. How are intensity and loud- 
ness measured? The measurement of 
both intensity and loudness depends 
upon a comparison of a standard sound 
with the one being measured. In the 
case of intensity, the energy of the un- 
known sound is compared with the 
energy of the standard sound. In the 
case of loudness, the effect on the ear 
of the unknown sound is compared 
with the effect on the ear of the stand- 
ard sound. The bel, named for Alexan- 
der Graham Bell, is the unit used for 
measuring both intensity and loud- 
ness. A smaller unit, the decibel (one 
tenth of a bel), is also used. 

Sounds may be barely audible, or 
they may be so loud as to be almost 
painful. For example, a whisper ranges 
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Fig. 398. Loudness of sound is measured by 
decibels. 
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from 20 to 40 decibels; a modern auto- 
mobile, 40 to 50 decibels; ordinary 
conversation, about 60 decibels; motor 
trucks and heavy street traffic, 70 to 
80 decibels; elevated trains, pneumatic 
drills and riveters, 90 to 100 decibels; 
thunder, about 110 decibels; sounds 
ranging from 120 to 130 decibels are 
almost. painful. Men become numb, 
shocked, and in some cases deafened 
by artillery fire. 

370. Upon what does pitch de- 
pend? A piccolo has a shriller pitch 
than a flute. It may be louder or softer. 
A woman’s voice has a higher pitch 
than that of a man. It may be softer or 
louder, and it may have either better 
or poorer quality. Pitch is entirely 
independent of both loudness and 
quality. Let us use a siren disc to show 
upon what factors pitch depends. 

The disc of Fig. 399 has four rows 
of regularly spaced holes, numbering 
24, 30, 36, and 48 respectively. It is 
mounted so that it can be rotated 
rapidly. Suppose we direct a stream 
of air against the inner row of holes, 
24 in number, while it is rotating 
rapidly, Such a stream of air is thrown 
into vibration, and of course the num- 
ber of vibrations per second is equal 
to the number of holes times the num- 
ber of revolutions per second. If the 
speed is increased the pitch rises. If 
we keep the speed constant and direct 
the stream of air against the outer row 
of holes, 48 in number, a note an oc- 
tave higher is produced. If a stream 
of air is directed against each of the 
four holes successively, beginning with 
the inner row, the notes do, mi, sol, do’ 
are produced. From this experiment, 
we conclude that the pitch of a note 
or tone depends upon the number of 
vibrations or pulses which the ear re- 
ceives per second. The string of a piano 
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must vibrate twice as fast to produce 
the note C’ as a string does which is 
producing the note C, an octave lower. 
_ Since V = nl, then the wave length 
of a fork vibrating 512 times per second 
will be only half as long as that pro- 
duced by a fork vibrating 256 times 
per second. The pitch of the former fork 
is higher than that of the latier because 
twice as many waves reach the ear 
per second. The pitch rises as the fre- 
quency increases and it falls as the 
wave length increases. 

*371. What is Doppler’s princi- 
ple? When the distance between the 
ear and a vibrating body does not 
change, the number of pulses reaching 
the ear per second is exactly equal to 
the frequency of vibration. If we are 
moving toward the vibrating body or if 
it is approaching us, we will then re- 
ceive more pulses per second than the 
vibrating body is producing. For this 
reason, the whistle of a rapidly ap- 
proaching train rises in pitch. As the 
train recedes, the pitch falls. 

Suppose that the velocity of sound is 
1140 ft. per second and that the whistle 
has a frequency of 300 vibrations per 
second. If the train is approaching 
at a velocity of 45 miles per hour, 
or 66 ft. per second, the length of the 


Fig. 399. The siren disc, 
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sound wave will have been reduced 
from 3.8 ft. to only 3.58 ft. [(1140 
— 66) + 300]. The pitch will now 
correspond to 318.4 vibrations per 
second. Hence the listener receives 
18.4 more pulses per second than the 
whistle produces. As the train recedes, 
the new wave length is increased from 
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3.8 ft. to 4.02 ft., and the pitch falls 
to only 283.6 vibrations per second. 
(1140 + 66) + 300 = 4.02 ft. Such a 
rise in pitch when a sounding body 
approaches, or fall in pitch when it 
recedes, is known as Doppler’s prin- 
ciple. The auto horn is another ex- 
ample. 


4. Resonance and Interference 


372. What are forced vibrations? 
A tuning fork vibrating freely has a 
natural vibration rate which depends 
upon its length, thickness, and the 
material of which it is made. The 
strings of a musical instrument also 
have natural vibration rates free from 
external influences except gravity and 
friction. It is possible, however, for 
one vibrating object to impress its 
vibration rate upon another that has a 
different natural frequency. When we 
hold the stem of a vibrating tuning 
fork against a table, the tuning fork 
impresses its vibration rate upon the 
table. Energy is transmitted through 
the stem of the fork, and the table is 
forced to vibrate in response to the 
periodic force thus applied. A thin 
string stretched from one post to an- 
other does not produce a very intense 
sound when it vibrates. When the same 
string is stretched across the bridge of 
a violin, the thin wood of which the 
violin is composed is forced to vibrate 
in response to the vibrations of the 
string. The intensity of the sound is 
increased by the forced vibrations of 
the instrument. The gounding board 
of a piano is another example of forced 
vibrations used to intensify sound. 

373. What are sympathetic vi- 
brations? Suppose that we have given 


two mounted tuning forks, Fig. 400, 
both having the same vibration rate. 
We may let a pupil near the rear of the 
room hold one fork near his ear while 
someone at the front of the room 
strikes the other fork a sharp blow to 
throw it into vibration. After a few 
moments, the prongs of the latter fork 
may be touched to stop it vibrating. 
The pupil at the rear of the room will 
discover that the fork which he holds 
is now vibrating feebly. The impacts 
of the sound waves from the first fork 
fell upon the second fork in regular 
succession and caused it to vibrate 
sympathetically. The strings of a violin 
may be heard vibrating softly when a 
person playing a piano in the same 
room strikes notes which have the 
same pitch as that which the strings 
could produce. Sympathetic vibrations 
occur when the natural vibration rates 


Fig. 400. Tuning forks used to show resonance. 
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of two objects are the same, or when 
the vibration rate of one of them is a 
multiple of the other. If we change the 
natural vibration rate of one fork by 
adding a weight to one of its prongs 
and then repeat the experiment, no 
sympathetic vibrations are produced. 
Both forks must have the same fre- 
quency. The principle of tuning a radio 
set is not essentially different from 
sympathetic vibrations. 

374. What is resonance? Let us 
hold a vibrating tuning fork over a 
cylindrical tube partly filled with water. 
Now, if we pour water into the tube 
gradually, it is possible to find a point 
where the sound wave which is re- 
flected back from the water surface 
unites with the direct wave from the 
fork and reinforces the sound. Thus 
a condensation of the reflected wave 
unites with the condensation of the 
direct wave to amplify the sound, just 
as the piling of the crest of one water 
wave upon the crest of another wave 
makes the resulting wave higher. A 
tube so adjusted that it will reinforce 
sound waves is called a resonator. 

As the prong of a tuning fork, Fig. 
401, goes from ¢ to b, a compression 
travels from c to d in air. This com- 
pression is reflected and reaches c just 
as the fork returns to c. A rarefaction 
now moves from ¢ to d and back to 
c while the fork completes the last 
half of its oscillation. The length cd 
is the distance the sound travels in 
air during one quarter of a vibra- 
tion of the fork. It is, therefore, one 
fourth of the wave length of the note. 
We may define resonance as the re- 


inforcement of sound by the union. 


of the direct and reflected sound waves. 
From the experiment just studied, we 
find that a closed tube produces the best 
possible resonance when its length is 
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approximately one-fourth that of the 
sound wave which it reinforces. 

Wave length = 4(/+ 0.4d), in which 
Lis the length of the tube, and d is the 
diameter. 

When a vibrating fork is held over 
an open tube, resonance is also pro- 
duced. Experiment shows, however, 
that such a tube produces the best 
resonance when its length is about one- 
half the wave length of the sound it 
reinforces. 

Wave length = 2(l + 0.8d), in which 
lis the length of the tube, and d is the 
diameter. 

375. How can one sound wave in- 
terfere with another? If the crest of 
one water wave meets the crest of an- 
other water wave, it piles up the water 
to make an even higher wave. So it is 
possible to have the crest of one water 
wave fall into the trough of another 
wave and make the water surface level. 
Ina similar manner, since the meeting 
of the condensation of one sound wave 
with the condensation of another rein- 
forces the sound, it should be possible 
to extinguish the sound, or produce 
silence, by having the condensation of 
one wave meet the rarefaction of an- 
other. We have interference of sound 
when one sound wave is superimposed 
upon another. 


Wave 
length 


Fig. 401. Resonance produced by closed tubes. 
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Tf the tube resonates with the tun- 
ing fork in such a manner that the re- 
flected wave augments the oncoming 
wave, we have constructive interference. 
But when the two waves tend to cancel 
each other’s effects, the interference be- 
comes destructive. “ Dead spots” in a 
large room, or an auditorium, may be 
examples of destructive interference. 
As arule, silence is not complete. 

376. How are beats produced? 
Suppose that we have two sound waves 
of unequal length traveling in the same 
direction through the air or some other 
medium. Suppose that we plot a curve, 
as in Fig. 402a to represent a wave 
that is 4 ft. long. Then let us plot a 
second curve, Fig. 402b, to represent 
a wave 5 ft. long. We observe that in 
some places the two waves coincide 
in almost the same phase and in other 
places in almost the opposite phase. 
The straight line is used to represent 
the level in each case. 

From a straight line in Fig. 402c 
we can plot a composite curve con- 
structed by using the resultants of all 
the crests and troughs of the two 
trains of waves. At point C, the crests 
which represent sound condensations 
meet and the sound is intensified. At 
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point D,a condensation coincides with 
a rarefaction and the sound is dimin- 
ished, or silence may result. For these 
reasons, when two tuning forks of un- 
equal vibration rates are sounded at 
the same time, the sound is alternately 
augmented and diminished. An out- 
burst of sound followed by an interval 
of comparative silence is called a beat. 
The number of beats produced per 
second is equal to the difference be- 
tween the vibration rates of the two 
vibrating bodies. For example, a tun- 
ing fork having a frequency of 256 will 
produce 4 beats per second if it is 
sounded with a fork whose frequency 
is 260, or if it is sounded with one 
whose frequency is 252. 


@ 


Waves four feet lorg 


b) 
Waves five feet long 
Asr 
© Interference 
Sound intensified here here 
Two waves combined 
Fig. 402. Waves may interfere with each other. 


Summary 


Sound has its origin in a vibrating body. Sound waves are transmitted 
to the ear through some medium. Solids are the best media for sound 
transmission; liquids and gases follow in the order named. Sounds do 


not travel through a vacuum. 


The velocity of sound in air at 0° 


C. is 1090 ft. per sec. The velocity 


increases 2 ft. for a rise in temperature of 1 c. Sound. travels about 
4 times as fast in water as it does in air. Its velocity m solids is many 


times as great as in air. 
Sound waves may be reflec 


ted, producing echoes. When the reflected 


sound wave reinforces the direct wave, resonance is produced. The best 


resonant length for a closed pipe is 


about 4 the wave length; the res- 
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onant length for an open pipe is about 4 the wave length. Parallel walls 
often produce multiple echoes. 

When two sound waves are so superimposed that a condensation 
meets a rarefaction, the sound is reduced by interference. An outburst 
of sound followed by an interval of comparative silence is termed a beat. 

Sounds differ in intensity, loudness, pitch, and quality. Intensity is a 
measure of the energy of the sound waves. Loudness is the effect which a 
sound has on our ears. Pitch depends only upon the number of vibrations 


that reach the ear per second. 


Intensity and loudness are measured in bels or decibels by comparing 
the characteristics of an unknown sound with those of a standard sound. 


The decibel is one-tenth of a bel. 


How many of the following terms and phrases can you define or explain? 


Echoes 
Decibels 


Ultrasonic waves 
Sound insulation 
Velocity of sound in air 


Best resonant length 


Resonance 
Sources of sound 
Acoustics 


Velocity of sound in liquids Beats Sound reflectors 

and solids Loudness Sympathetic vibrations 
Sound ranging Pitch Interference 
Longitudinal vibrations Stethoscope Doppler’s principle 
How sound is transmitted Forced vibration Intensity 


QUESTIONS 


1, When you sit in the rear of a large 
theater, the motion of the lips of the actors 
on the screen may precede the sound of 
their voices. However, if you sit only half 
way back, they are perfectly synchronized. 
Explain. 

2. Why is it easier to detect the ap- 
proach of a train by putting your ear near 
the rail, than it is by listening to sound 
coming through the air? 

3. When you put a large sea shell to your 
ear, you hear the so-called “roar of the 
ocean,” Explain. 

4. Do sounds of different pitch all travel 
at the same rate of speed? What reason 
can you give for your answer? 

5. Can you hear the approach of an air- 
plane flying at supersonic speed? 

6. Explain how beats are used in tuning 
a piano or a violin. 

7. Why is it impossible to hear sounds 
through a vacuum? 

8. The studios at Radio City in New 
York are suspended by vibration-proof 
mountings attached to the structural 
framework of the building. Why is it so 


a 
rd 


important that all vibration be eliminated 
here? 

9. School auditoriums and cafeterias are 
sometimes equipped with soundproof ceil- 
ings. What are they, and how do they help 
cut down noise? 

10. How does a siren work? 

11. How can persons who are deaf 
“hear” through the bones of their head? 

12. Why does sound travel more rapidly 
through solids than through either liquids 
or gases? 

13. Electrical impulses travel with the 
speed of light, 186,000 miles per second. 
Who hears a speaker first, the radio audi- 
ence, or a person sitting in the audience 
75 ft. from the speaker? 

14. What is the difference between a 
transverse wave and a longitudinal wave? 

15. Why is the sound of a tuning fork 
louder when it is held against a desk top? 

16. How does a megaphone assist a 
cheerleader in being heard at football 
games and other events? 

17. Explain why the pitch of an auto- 
mobile horn rises as the car approaches. 
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18. If you depress the loud pedal on a 20. Why must a column of marching 
piano and strike middle C, you will find soldiers break step when crossing a bridge? 


that several other strings are thrown into 91, Can the time which elapses between 
vibration. Why? a flash of lightning and the sound of the 
19. How can resonance be used to meas- thunder be used to estimate the distance of 
ure the wave length of sound? the storm? Explain. 
PROBLEMS 
Group A 


1. If the temperature is 15° C., what is number by four, you can tell how many 
the speed of sound? How long will it take miles away the storm is. Is this correct? 


sound to travel 2500 ft. at this rate? What would be a better divisor? Prove 
2, One string on a piano js tuned to your point by a calculation. 
exactly 256 vibrations per sec. Another 7. How many beats per second will be 


string, of slightly lower pitch, produces heard when two sounds of 320 vibrations 
4 beats per second when struck simultane- per second and 341 vibrations per second 
ously with the first string. What is the are produced at the same time? 

frequency of the second string? 8. Calculate the speed of sound ob- 

3. What is the wave Jength of a tuning tained by an experiment in which a fork 
fork which vibrates 420 times per second, vibrating at the rate of 384 vibrations 
if the temperature is 10° c? per second produces resonance with a 

4. How long will it take sound to travel closed tube 8 in. long and 1.5 in. in diam- 
a kilometer if the temperature js 25° C.D eter. 

5. At 20° C. a tuning fork produces 9, What is the speed of sound in kilo- 
resonance when held over a closed tube meters per second at 10° C.? What will be 
12 in. long and 2 in. in diameter. What is the wave length of a tuning fork which 
the wave length of the sound, and the fre- vibrates 128 times per second? 
quency of the fork? 10. Calculate the length of an open tube 

6. People -say that if you count the 2 in. in diameter which will produce reso- 
seconds which elapse between lightning and nance with a fork which vibrates 256 times 
the sound of the thunder, and divide this per second, if the temperature 1s 20° C. 


Group B 


11. The time elapsing between seeing stone strike the bottom? (Hint: Calculate 
the steam and hearing the whistle of a ship the time needed for the stone to fall, and 
is 3.5 sec. If the temperature js 50° F., how for the sound to return.) : 
far away is the ship? (15.) What is the wave length in meters of 

12. A man sets his watch by a whistle a sound having a frequency of 512, if it 
which is 2 miles distant. If the temperature is produced when the temperature 1s 30° C.P 
is 20° C., how much will his watch be in (16. Find the length of an open tube 
error? Will it be too fast or too slow? Ifthe 3 èm. in diameter which will produce Teso- 
wind is blowing with a velocity of 30 ft. per nance with a tuning fork which has a fre- 
second toward the man, how will the result quency of 384 vibrations per second when 
Þe affected? the temperature is 15° C. 

13. What is the wave length of a sound 17. What is the temperature when a 
which produces the best resonance with a sound having a frequency of 256 vibrations 
closed tube 30 cm. long and 5 cm. in di- per second has a wave 


ameter? If the temperature is 10° C., what 18. John tosses a T li 
is the frequency of the sound A hears the sound of the stone striking the 


14, A man drops a stone into a mine bottom 10 seconds later. The tempera- 
1600 ft. deep. If ae temperature is 15° C., ture is 86° F. What is the height of the 
how long will it take before he hears the cliff? 


Unit Seven 
Chapter 15 


1. Music and Quality 


377. What is the diatonic scale? 
In Section 370 we used a siren disc and 
forced air through each of the rows 
of holes successively. If we use the 
disc again and simultaneously force 
the air through the second, third, and 
fourth rows of holes, the three notes 
that are produced will form a major 
chord. The relative frequencies of the 
three notes will be 24, 30, and 36. 
If we divide each of these numbers by 
six, we have the simple ratios 4, 5, 
and 6. Any three notes whose vibra- 
tion ratios are 4, 5, and 6 will produce 
a major triad or major chord when they 
are sounded together. The major dia- 
tonic scale is built up of three major 
chords. You can see how this is done 
by studying the table at the top of 
page 307. 

If we use 256 vibrations to represent 
middle C on the piano, then the table 
shows the vibration rates for the white 
keys in a little more than one octave. 
We find that the vibration rates for 
C, E, and G have ratios of 4, 5, and 
6. They form a major chord, Another 
major chord is formed by the notes G, 
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B, and D’, and a third by the notes 
F, A, and C’. 

The note C’, which is one octave 
above middle C, has a vibration rate 
just twice as great as that of C. The 
frequency of a note an octave above 
another is always twice the frequency 
of the note of lower pitch. Doubling 
the frequency raises the pitch one oc- 
tave. From the table, we see that the 
frequency of D is 328, or ¢ times that 
of C. Of course, D in this table is just 
4 the frequency of D’, an octave 
higher. The vibration rate of E is 38$ 


of C, or $; F is $44, or 4; G is 38%, or 3 


A is $28, or $; and B is 358, or %. 
C’ is 32%, or 3. (See Fig. 403.) 

In the next octave, we find that D’ 
is $ times the frequency of C’, the first 


note in the octave, or the keynotes 


, 


CDEFGABC D E Letter names 
Do Re Mi Fa Sol La Ti Do’ Re’ Mi’ Syllable names 
256 288 820 341 384 426 480 512 576 640 Vibration rates 
1%K% 


3 
 % 541% 2 % Y Vibration ratios 
Fig. 403, The major diatonic scale, Key of C. | 


Vocabulary eens 


Caromatic, colored; shades of tone analo- 
gous to shades of color. 

OvERTONE, a note whose vibration rate is a 
whole number multiple of its fundamental. 

OsciILLoGRAPH, a device containing a cathode 
ray tube, by means of which sound wave 
patterns may be made visible. 


Visrocrapn, a device used to show sound 
waves graphically. 

Harmony, a combination of notes that is 
pleasing. 

Discorp, a combination of notes that is harsh 
or unpleasant. 

Tiere, the quality of a tone. 
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Syllables. ...++-sse sesso do re 
Letters csan. cereus lens CRD 
Vibration rates.......--+- 256 288 
Relative vibration rates. .. 24 2X 
Chord (tonic)......++++++ 4 


Chord (dominant).....-.- 
Chord (subdominant)... .. 
$76 = 2.) In the same manner we can 
find the frequency of any note in this 
octave by multiplying the vibration 
rate of the keynote by the ratios just 
given. For example, the frequency of 
E’ equals X 512, or 640. We could 
also find the vibration rate of E’ by 
doubling the vibration rate of E (320). 

378. Whatis thechromatic scale? 
Suppose we use D as the keynote and 
multiply its frequency (288) by $ $ 
4,3, 5, 42 and 2 in turn. The table 
given at the foot of this page shows the 
results obtained when compared with 
the notes of the key of C. 

We observe that there is consider- 
able variation, especially in the vibra- 
tion rates of F and C’. The difference 
is so great that two new notes, F4 (F 
sharp) and C#, are used by the 
musician when he plays in the key of 
D. The notes E and A are not exactly 
the same, but no new notes are added 
here. 

The vibration rate of F sharp, or F#, 
is obtained by multiplying the fre- 
quency of F by 24; if a note in the 
chromatic scale is to be flatted, its 
frequency is 24 that of the note itself. 
These intervals are called chromatic 
semitones. They are represented by the 
black keys on the piano. By using 


mi fa sol la ti do. re 

foo GU UA UBC UD 

320 341 384 426 480 51 2 576 

30 32 36 40 45 48 54 
5 6 

4 5 6 


that five new notes, called flats or 
sharps, must be added to each octave. 

379, What is the tempered scale? 
In building up the chromatic scale, we 
learned that five new notes must be 
added to the diatonic scale in each 
octave. If we examine the two scales 
given for the keys of C and D, we 
note that there is a difference of 4 
vibrations for the note E and about 6 
for the note A. If all the possible keys 
were built up in the same manner and 
new notes added where any difference 
exists, a large number of additions 
would be needed. The black keys on 
the piano are used either as the sharp 
of the note below or as the flat of the 
note above. In the chromatic scale 
there is a difference between C# and 
Dp (D flat). For example, 4% times 
256 equals 266 vibrations, or C#; and 
3 of 288 equals 276 vibrations, or Dp. 
Putting in new notes with their sharps 
and flats wherever even slight varia- 
tions occur would give an octave of 
about 70 notes. The difficulty in learn- 
ing to play a piano or organ having 
70 notes in each octave is obvious; it is 
so impractical that a system of equal 
temperament has been devised. It is a 
compromise scale. There are twelve 
intervals in the octave, including sharps 


different letters as keynotes, we find and flats, and the vibration rate of C’ 
O DAITE ISF qgla|BIC D’ 
a ees Yet 
Key of Cea 956 | 288 | 320 | 341 | 384 "426 | 480 | 512 | 576 


Key of D. 


288 | 324 | 360 


384 | 432 | 480 | 540 576 
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is just twice that of C. By extracting 
the twelfth root of 2, we get an equal 
interval for each semitone, 


V2 = 1.05946 


In the tempered scale the vibration 
rate of any note can be obtained by 
multiplying the frequency of the pre- 
ceding note by 1.05946. The equally 
tempered scale is used in playing most 
musical instruments. A skillful vio- 
linist, however, may produce better 
music by using the true intervals of 
the diatonic scale. A comparison of the 
two scales is shown in Fig. 404. The 
difference is not very great in any case. 
In fact few persons can tell a difference 
in pitch of only 2 or 3 vibrations per 
second, 

380. What is standard pitch? The 
middle C tuning forks that are used in 
all physical laboratories are all tuned to 
256 vibrations per second. This gives 
A 427 vibrations per second. In concert 
pitch, which is now little used, middle 
C has 271 vibrations per second. In- 
ternational pitch differs slightly from 
that used by physicists in the diatonic 
scale, since A equals 435 vibrations per 
second. The American Federation of 
Musicians has adopted A =440 vibra- 
tions per second for the standard pitch. 
Sopranos find it difficult to sing music 
written by Handel and his contem- 
poraries when accompanied by instru- 
ments tuned to the pitch adopted by 
the American Federation of M usicians. 

381. How do noise and music 
differ? Many siren discs have four rows 
of evenly spaced holes, and one row of 
holes that are irregularly spaced. If we 
force a blast of air through any one of 
the regularly spaced holes, a musical 
nole is produced. (See Fig. 399.) If we 
force air through the irregularly spaced 
holes, a jarring noise is produced, In 


music, the pulses reach the ear in 
rather regular succession. Striking the 
desk with a stick, scraping the feet 
over the floor, or dropping the dinner 
dishes will set up irregular vibrations, 
Sounds produced in that manner cause 
noise, but not music. 

382. What causes harmony and 
discord? If we strike the notes C and 
E of a piano at the same time, the two 
notes are pleasing. They are said to 
produce harmony. When the notes C 
and D are struck simultaneously, the 
sound is displeasing and discordant, 
In the first case, there are 64 beats per 
second, They are so close together that 
the ear does not distinguish between 
them, and harmony is produced. When 
C and D are struck at the same time, 
there are 32 beats per second. This 
number of beats per second causes 
about the worst possible discord. 

To show that the number of beats 
heard per second determines whether 
a sound will be pleasing or unpleasant, 
we may use two singing flames and 


CHROMATIC 
SCALE TEMPERED SCALE 


Cc 
C#orDb 


D 
D# or Eb 


E 
F 


F#or Gb 


G 
G# or Ab 


A 
A# or Bb 


Fig. 404. Comparison of two musical scales. 
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change the vibration rate of one of 
them gradually. We connect two jet 
tubes to a gas-cock as shown in Fig. 
405. We then support two glass tubes 
about 1 in. in diameter and 16 to 18 in. 
long over the jet tubes. The flames will 
yield a singing noise when adjusted 
to the proper height. If we slide a 
paper cylinder over one of the tubes 
to change its length, the two flames 
will have different vibration rates and 
beats can be heard. When only a few 
beats per second are heard, the sound 
is not displeasing. By varying the 
length it is possible to produce about 
30 beats per second, and the noise 
heard is jarring and discordant. If the 
number of beats is increased to 64 or 
more, the two notes are harmonious. 

383. Is there a limit to the num- 
ber of vibrations which the ear can 
hear? If we wave our arms, for ex- 
ample, no sound is heard. The vibra- 
tions are too slow to affect the auditory 
nerve. It is found that at least 16 vibra- 
tions per second are needed to produce 
sound that is audible to the human ear. 
Such a number represents the lower 
limit of audibility. Of course, persons 
vary in their ability to hear sounds of 
low pitch. The lowest note of the ordi- 
nary piano makes about 27 vibrations 
per second. It is said that the ears of 
some persons are not sensitive to this 
note. A note of very low pitch may be 
produced by pressing the forefingers 
against the ears and then closing the 
other fingers firmly and quickly. 

On the other hand, the vibrations 


may be so rapid that the ear is not 
sensitive to the very short waves pro- 
duced. The frequency which marks the 
upper limit of audibility varies with 
the individual, but the maximum fre- 
quency capable of being perceived by 
any human ear seems not to exceed 
15,000 to 20,000. In many cases, it is 
much below that number. The audi- 
tory nerves of some persons do not seem 
to be tuned to receive notes of very 
high or very low pitch, just as some 
eyes are not sensitive to certain colors. 
It is not a matter of loudness, but of 
pitch. The shrill chirp of a cricket is 
said to be inaudible to some persons. 

In radio we use the terms radio-fre- 
quency and audio-frequency. Notes of 
audio-frequency are capable of affect- 
ing the ear. Frequencies below 20,000 
per second are spoken of as audio- 
frequencies, because they are audible 
in a telephone receiver. 


i1--Glass tubes 


Fig. 405. Beats may be produced by singing 
flames. 


2. Quality 


', 384, What is meant by the fun- 
damental? If a rather long string is 
plucked or bowed, it is sometimes pos- 


sible to see it vibrating. If it is plucked 
in the middle, it will vibrate as a whole. 
(See Fig. 406.) When a string vibrates 
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Fig. 406. A string vibrating as a whole sounds 
its fundamental. 


as a whole, it produces a note of its 
lowest possible pitch. Such a note is 
called its fundamental. 

The sonometer is an instrument much 
used in physical laboratories for test- 
ing the vibrating rate of strings and 
for showing how they vibrate. It con- 
sists of two or more strings stretched 
over a sounding board. The strings 
may be varied in diameter, material, 
or in tension. (See Fig. 407.) 

When a string is plucked, struck, or 
bowed near one end, it may vibrate in 
several parts or segments, with nodes, 
or places of no vibration between the 
segments. (See Fig. 408.) Stranger still, 
it is possible for a string to vibrate as a 
whole and in parts at the same time, 
as represented by Fig. 409. 

385. What are overtones? Sup- 
pose we divide a sonometer string into 
eight equal parts and place V-shaped 
paper riders on the string in the posi- 
tions shown at 1, 2, 3, 4, and 5, as in 
Fig. 410. If we touch the string gently 
at C and bow it at D, the paper riders 
at the positions 1, 3, and 5 will be 
thrown off. Those at 2 and 4 are not 
disturbed. This proves that the string 
is now vibrating in four equal parts or 
segments, with nodes at positions 2 

Spring balance measures tension 


Tension of 15 Ib. 
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and 4, Making a node at C by touching 
the string also causes nodes to be 
formed at the two other positions. If 
one were to touch the string at a po- 
sition one-third its length from one 
end, it would then vibrate in three 
segments. 

One of the most interesting things 
about this experiment arises from the 
fact that the pitch of the vibrating 
segment is two octaves higher than 
that of the fundamental. The new note 
is called an overtone. A note whose vibra- 
tion rate is a whole number multiple of 
that of the fundamental is called an over- 
tone, or harmonic. When a string vi- 
brates in two segments, the overtone 
produced is an octave above the fun- 
damental. For example, the first over- 
tone of a C string is C’, a note of just 
double the vibration rate of C. (256 X 
2 = 512.) The second overtone of C 
has a frequency three times that of C, 
256 X 3 = 768. A note having 768 
vibrations per second corresponds to 
G’. The third overtone of C has four 
times its frequency. 256 x 4 = 1024, 
the note C”. The fourth overtone of C 
is E”, whose vibration rate is 1280. 
(256 X 5.) 

386. Upon what factors does 
quality depend? Two persons may 
be singing true to pitch, but the voice 
of one of them may be more pleasing. 
It is possible, too, to pick out the vari- 
ous instruments in an orchestra, even 
when the pitch is the same and they 
are all equally loud. We say that the 
Scale for measuring =] of string 
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Fig. 407. The sonometer is used to study the laws of strings, 
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Fig. 408. A string may form loops and nodes 
as it vibrates, 


quality differs. Let us bow a string near 
the middle to throw it into vibration. It 
will then sound its fundamental. While 
it is vibrating, let us touch the string 
very lighlly in the middle. The string 
still continues to vibrate as a whole 
and we can hear the fundamental. But 
it will also vibrate in two segments at 
the same time and the tone will be 
richer and fuller because we can also 
hear the first overtone. The quality of 
the tone is improved by the addition 
of the overtone to the fundamental. 


Fig. 409. Overtones are produced when a 
string vibrates in two or more segments. 


The quality of a sound depends upon 
the number of overtones present and upon 
their prominence. 

In musical instruments, the strings 
are plucked, bowed, or struck near one 
end instead of in the middle. Thus 
overtones are produced which blend 
with the fundamental and produce 
richer and fuller tones. 

The quality of the tones produced by 
orchestral instruments varies greatly. 
For example, a tone produced by a 
violin consists of the fundamental and 
about five well-defined overtones, 
which decrease in intensity in the 
higher frequencies. In an instrument 
like the clarinet, however, we find that 
its peculiar tonal quality is due to 
the high intensity of its high-frequency 
overtones. 
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Fig. 410. Paper riders show that a string vibrates 
in segments. 


3. Laws of Strings 


387. What laws govern the vibra- 
tion of strings? If we examine a piano, 
we find that the bass strings are longer, 
thicker, and looser than those of the 
treble. Their density is also made 
greater by winding them with copper 
wire. We must bear in mind that the 
bass string has a low frequency and 
that the treble string vibrates rapidly. 
In the construction of the piano we 
have examples of all the methods used 
to control the frequency of strings. 

By the use of a sonometer, Fig. 407, 
several facts concerning the factors 
which affect the frequencies of vibrat- 
ing strings have been learned. They 


are usually spoken of as the laws of 
strings, and they may be stated as 
follows: 

1. Law of lengths. When we wish to 
increase the pitch of any stringed in- 
strument, we may shorten the length 
of the string. A violinist shortens the 
A string of his violin about one inch 
when he wishes to produce the note B. 
The vibration rate of a string is inversely 
proportional to its length, if its diameter, 
density, and tension remain unchanged. 


Prostem. If the D string of a violin is 
12 in. long, how much must it be shortened 
to produce the note E? R 

Solution. D corresponds to 288 vibrations 
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per second, and E has a frequency of 320. 
Then, 288:320 = 7:12, Therefore, x = 
10.8 in., the length of a string which vi- 
brates 320 times per second. The D string 
must be shortened 1.2 in. to produce the 
note E. 


2. Law of diameters. On a guitar or 
harp, the strings that produce the 
notes of higher pitch are of smaller 
diameter. This is true of other stringed 
instruments. A string 0.1 in. in diam- 
eter will vibrate just twice as fast as 
a similar string 0.2 in. in diameter. 
The vibration rate of a string is inversely 
proportional to its diameter, if its length, 
density, and tension are constant. 

3. Law of tensions. When one tunes 
a violin or other stringed instrument, 
he tightens the strings to increase the 
frequency. It has been proved by ex- 
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periment that the vibration rate of a 
string is directly proportional to the 
square root of the tension on the string, 
if all other factors are constant. 


Prostem. A string stretched with a force 
of 9 lb. produces the note C; with what force 
would the same string have to be stretched 
to produce the note C’? 

Solution. C has a frequency of 256, and 
C’ a frequency of 512. Then, 256: 512 = 
V9 : Vz. Whence, x = 36 Ib. 


4. Law of densities. The heavier a 
string is, the more slowly it vibrates. 
For this reason, some strings are made 
of dense material, and other strings 
are wound with dense material to make 
the strings vibrate slowly. The fre- 
quency of a vibrating string is inversely 
proportional to the square rool of its 
density, if other factors are constant. 


4. Musical Instruments 


388. What are stringed instru- 
ments? In a very large number of mu- 
sical instruments the sound waves 
come from vibrating strings. The piano, 
violin, guitar, ukulele, mandolin, and 
harp are common examples. In each 
case some form of sounding board is 
used. The thin string does not have 
sufficient area to furnish the required 
volume of sound, but it forces the 
sounding board into vibration, even 
if their natural vibration rates are un- 
equal. Thus the sound is intensified. 
Pairs of strings are used for certain 
octaves of the piano to give greater 
volume; in the treble, three strings are 
used for each note. 

389. How do organ pipes produce 
sound? To produce the sound in an 
organ pipe, a stream of air is usually 
directed against one edge of an open- 


ing in the pipe. (See Fig. 411.) This 

produces a vibrating air jet whose fre- 

quency is controlled by the length of 

the pipe, since the vibration rate of the 

air jet is influenced by the return of 
Closed pipe Open pipe 


when it strikes edge of opening 


Air column thrown into vibration 
when it strikes edge of opening 
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Fig. 411. Organ pipes. 
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the reflected air pulses. For example, 
a closed organ pipe produces a noie 
whose wave length is four times as long 
as the pipe itself. A closed pipe one 
foot long produces a note whose wave 
length is four feet. An open pipe pro- 
duces a sound wave which is twice the 
length of the pipe itself. Hence, an open 
pipe produces a note an octave higher 
than a closed pipe of the same length. 

To construct a set of organ pipes, 
their lengths must be made inversely 
proportional to the vibration ratios as 
given in Section 377. For example, the 
pipes used to sound the notes of one 
octave, beginning with C, would have 
the following ratios: 1; $; $; 3; 3; 35 
$; and 4. To summarize, the pitch of 
a pipe varies inversely as its length. 

x390. What overtones can pipes 
produce? When a pipe is blown gently, 
it usually sounds its fundamental only. 
Harder blowing may produce tones of 
frequencies which are multiples of 
the fundamental tone. If the pipe is 
closed, there will always be a node at 
the closed end of the pipe and a loop 
or anti-node at the other end. The only 
overtones possible with closed pipes 
are those whose vibration rates are odd 
multiples of the fundamental. Hence, 
the first overtone of a closed C organ 
pipe is not C’, but G’, a note whose 
vibration rate is 3 (an odd number) 
times that of the fundamental. The 
next overtone is E’, whose frequency 
is 5 times that of C. 

With open pipes there is a node in 
the middle and a loop or anti-node at 
each end. For that reason, the whole 
series of overtones is possible with open 
pipes. The first overtone of a C open 
pipe is C’, the second overtone is G’, 
and the third overtone is C”. 

When a hole is bored in a pipe, it 
produces the same effect as if the pipe 
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were cut off at that point. A loop or 
anti-node is produced at the opening. 
Wind instruments of nearly all kinds 
have several holes so that the length 
may be varied to produce notes of 
varying pitch. Such holes may be 
closed again by the finger or by means 
of a valve. 

391. How does the Hammond 
organ work? Without the use of pipes, 
this instrument imitates the effects of 
the pipe organ. The tones are first cre- 
ated as electric waves and then trans- 
formed into sound waves. Tone wheels 
about as big as a silver dollar generate 
the electric waves, On the rim of the 
wheel there are regularly spaced bumps 
similar to the teeth on a gear wheel. 
As these wheels rotate at constant 
speed they come close to small mag- 
nets, each of which is wound with a coil 
of wire. Thus they disturb the magnetic 
field and set up tiny electric currents 
in the coil. These currents are then 
changed into sound waves. All the tone 
wheels are geared together and turned 
by a motor. (See Fig. 412.) 

Suppose that one of the wheels is 
rotating at such a speed that 440 
bumps pass the magnet and its coil 
per second. Then 440 electrical im- 
pulses are set up in the coil each second. 
When they are amplified and changed 
into sound waves, the note correspond- 
ing to 440 vibrations per second is 
produced. There is a separate tone 
wheel for each note or frequency used 


Tone wheel 


Fig. 412. Magnet and tone disc as used in the 
Hammond organ. 
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in a Hammond organ. The volume is 
controlled by means of a speaker and 
amplifying tubes in a tone cabinet, 
not so very different from radio. It is 
possible, too, to reproduce the tone of 
various wind instruments on the organ. 

392. How do wind instruments 
produce sound? Inmany wind instru- 
ments, a vibrating air jet is the source 
of sound. The air jet may be produced 
by a vibrating reed as in the organ, 
harmonica, accordion, clarinet, or saxo- 
phone. Some organ pipes have a vi- 
brating reed. A bellows is sometimes 
used to throw the reed into vibration. 
(See Fig. 413.) 

In the flute, fife, and piccolo the 
vibrating air jet is produced in the 
same manner as in the organ pipe. A 
stream of air is directed against the 
edge of an opening near one end of the 
instrument. The pitch is regulated by 
the length. 

In the cornet, trombone, and bugle 
the lips of the player vibrate. The fre- 


Mein 
™ Courtesy of C. G. Conn, Lid, 
Fig. 413. The saxophone, 


SOUND 


Courtesy of C. Q. Conn, Lid, 
Fig. 414. The cornet. 


quency depends upon the length of the 
tube. In the cornet, openings regulated 
by valves produce variations in pitch 
by changing the length of the pipe. 
(See Fig. 414.) 

393. How do the vibrations of 
bells and plates produce sound? 
When bells and plates vibrate, notes 
are produced which are not whole num- 
ber multiples of the fundamental. Al- 
though they are not whole number mul- 
tiples of the fundamental, yet they are 
called overtones. For this reason chimes 
are played by striking the bells in suc- 
cession. Fig. 415 shows some complex 
figures produced by bowing a metal 
plate covered with fine sand. Nodes 
may be formed at various positions by 
touching the edge of the plate with the 
thumb and finger. In each case the 


Fig. 415. Vibrating plates. 
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plate is touched at A and C to produce 
nodes; it is bowed at B. The irregu- 
larity of the curves shows why it is 
quite impossible to have such plates 
produce harmony by simullaneous vi- 
brations. The patterns produced in this 
way are used as designs for wallpaper. 

394. How do vibrating mem- 
branes produce sound? In some 
musical instruments, the vibrating part 
is a membrane. The tambourine, drum, 
and kettle drum are examples. The 
human voice is produced by the vibra- 
tion of membranes. Two folds of liga- 
mentous membrane which are stretched 
across the larynx, or Adam’s apple, 
form the vocal cords. By the contrac- 
tion of certain muscles these cords may 
be tightened at will. Variations of the 
tension produce notes of different pitch. 
In speaking, one learns to modulate his 
voice by varying the position of his 
tongue, palate, teeth, and lips. The 
quality of the voice depends upon the 
overtones which are made prominent 


by resonance. By cultivation, a per- 
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son may learn to suppress certain harsh 
overtones and reinforce others which 
are more pleasing. 

395. How is a phonograph record 
made? Phonograph records are “cut” 
in a studio much like a radio studio. 
Here the artists perform before the 
microphones which transform the sound 
waves into variations in an electric 
current. These impulses are amplified 
and blended by the sound engineer to 
provide the balanced performance he 
wants to record. Then they pass to the 
electromagnetic cutting head. This 
cutting head contains a very sharp and 
accurately pointed needle that cuts 
the zigzag grooves corresponding to 
sound variations in arotating lacquered. 
“master.” Such a method of recording 
captures tones in the wide frequency 
range from 35 to more than 10,000 
vibrations per second. 

The master record is carefully in- 
spected to make sure that the grooves 
are properly and cleanly cut. Then 
several wax impressions are made from 


Courtesy of RCA 


Fig. 416. The turntable on which the wax master record is cut. 
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Courtesy of Thomas A. Edison, Inc. 


Fig. 417. The dictating machine makes a record which can be reproduced at any time. 


the lacquered master. These are dusted 
with graphite and plated with copper 
by means of electricity. The copper 
plates thus made have the grooves of 
the original master now as ridges on 
their surface. They are the reverse 
of the master. These are the molds 
used to produce the final record. The 
mold is pressed into the record base 
material, which may be plastic or of 
some other composition. The impres- 
sion which it makes is an accurate 
reproduction of the lacquered master 
record which was first cut. 

396. How is a phonograph record 
reproduced? A phonograph record is 
rotated on a turntable at exactly the 
speed at which the master was origi- 
nally cut. A needle, with a properly 
shaped point, traces through the 
grooves cut in the record. These 
grooves cause the needle to vibrate, 
The vibrations are transmitted by the 
needle to a crystal, usually of Rochelle 


salt. Such a crystal has the property of 
transmitting an electric current which 
varies with the pressure on the crystal. 
The vibrations from the needle create 
this variable pressure on the crystal. 
As a consequence, a varying electric 
current is sent along the wire from the 
tone arm to the amplifying tubes in 
the reproducer. There the electrical 
impulses are made more powerful so 
that they can operate the speaker and 
produce the sound. 

397. How does the dictating ma- 
chine work? This machine is a modi- 
fication of the old type of phonograph. 
Under the name “Dictaphone” or 
“Ediphone” it finds extensive use 1D 
offices. An official at his desk speaks 
into a mouthpiece, and his words are 
recorded upon a hard wax revolving 
cylinder. Later, the wax cylinder is 
removed by a secretary who transfers 
it to a reproducing machine. Through 
small tubes leading to her ears, she 
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Courtesy of the Bell Telephone Laboratories, Inc. 


Fig. 418. Photomicrograph of an electrically 
cut record, 


listens to the dictation, and possibly 
types the message at the same time. 
(See Fig. 417.) 

398. How can sound waves be 
shown graphically? Several methods 
have been used to represent sound 
waves graphically. A few are given as 
follows: 

1. The vibrograph. In this instru- 
ment a stylus is fastened to one of the 
prongs of a tuning fork, the stem of 
which is held firmly. The fork is then 
thrown into vibration and a piece of 
smoked glass is drawn beneath the 
fork so that the stylus traces its vibra- 
tions on the smoked glass. A smoked 
cylinder may be used in a similar 
manner to record the vibrations. (See 
Fig. 419.) 


2. The manometric flame. This 


Fig. 419. The vibrograph is used to study sound 
waves, 
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method was devised by Koenig. In the 
manometric flame apparatus of Fig. 
420, an elastic membrane separates the 
two compartments of a metal block. 
One of the two openings to the left- 
hand compartment is fitted with a jet 
tube for use as a gas burner; the other 
opening is connected to a gas-cock. 
The right-hand compartment has a 
single opening fitted with a funnel 
tube. The sound waves which enter 
this tube produce corresponding vibra- 
tions in the elastic membrane. The 
condensations of the sound waves com- 
press the gas and make the gas flame 
higher. The rarefactions permit the 
gas to expand and the flame is lowered. 
The fluctuations in the gas flame, 
which correspond to the sound waves, 
cannot be seen unless they are viewed 
in a revolving mirror, which spreads 
them out. When no sound waves enter, 
the revolving mirror shows a band of 
light. If a note sounding its funda- 
mental is used with the instrument, 
there will be a series of zigzag lines, 
all of the same length. When overtones 
are produced with the fundamental, the 
lines are of varying length. 
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Fig. 420. A manometric flame apparatus, 
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Fig. 421. The phonodeik as devised by Dayton 
C. Miller. 


3. The phonodeik. This instrument 
was invented by Dr. Dayton C. Miller 
of the Case School of Applied Science. 
By its use it is possible to photograph 
the wave forms of various instruments, 
or of the human voice. (See Fig. 421.) 
The tiny mirror is free to oscillate on 
a small steel shaft which is mounted 
in jeweled bearings. A thin glass dia- 
phragm is set in the horn of a resonator. 
One end of a thread is attached to this 
diaphragm. The thread is then wrapped 
around a small pulley mounted on the 
mirror shaft, and the other end of the 
thread is then fastened to a tension 
spring. A narrow pencil of light is 
focused upon the mirror by means of 
a convex lens. From the mirror it is 
reflected to a sensitized photographic 
film which moves at right angles to 
the mirror. (See Fig. 422.) 

As the sound waves enter the horn 
of the resonator, they throw the dia- 


Courtesy of Dayton C. Miller, Case 
School of Applied Science 


Fig. 422. The vowel sound oo as in mood. 


Courtesy of Dayton C. Miller, Case 
School of Applied Science 


Fig. 423. The vowel sound ee as in feed. Note 
the overtones. 

phragm into vibration. The vibrations 
are transmitted through the thread to 
the mirror, causing it to oscillate on 
its axis. The pencil of light, reflected 
from the oscillating mirror, traces 
upon the film the sound waves that 
act upon the diaphragm. (Sce Figs. 
423 and 424.) 

4. The oscillograph. With the ex- 
ception of the work of Dr. Miller, mod- 
ern methods of seeing sound waves rely 
on the cathode-ray oscillograph. The 
sound waves are changed into electri- 
cal impulses which can then be viewed 
on a fluorescent screen. The oscillo- 
graph will be more fully discussed in 
Chapter 27. 

x399. How can we analyze sounds 
and reproduce them? A set of reso- 
nators for analyzing complex sounds 
was made by Helmholtz, a German 
physicist. It consists of a series of hol- 
low spheres, each of which will pro- 
duce resonance with a note of a certain 
pitch. If you place the large opening 
near a source of complex sounds and 
hold the small opening to your ear, 
you can, by using the complete set, 
pick out all the overtones present. 

After complex sounds have been 
analyzed, they can be reproduced by 
using electrically driven tuning forks 
to duplicate the different frequencies 
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Courtesy of Dayton C. Miller, Case School of Applied Science 


Fig. 424. This figure shows sound vibrations from the singing of the Sextette from Lucia. The top 
line, the part sung by the tenor. The second line, the part sung by the soprano. The third line, the 
soprano and baritone parts together. The bottom line shows the vibrations produced by the entire 
sextette. The numbers show the time of exposure of film in tenths of seconds. Dr. Miller's phonodeik 
photographs the sound vibrations and enables us to study the fundamentals and overtones produced 
by the voices of renowned artists, 


; Resonator, 
found. Some of the vowel sounds have vie S 


been reproduced by this method. 
Electronic organs, such as the Ham- 
mond organ, synthesize their tone 
qualities by mixing in the various 
overtones in the required amounts. Fig. 425. Helmholtz resonators, 


Summary 


The major chord is built up of notes whose frequencies have the ratios 
4, 5, and 6. The major diatonic scale consists of eight notes in each 
octave for any given key. The chromatic scale adds five notes per octave. 
In the equally tempered scale, the interval is uniform; the twelfth root 
of two is used. 

Discord is a phenomenon of beats. About 30 beats per second produce 
the worst possible discord. If fewer than 5, or more than 60 beats reach 
the ear per second, the notes are not discordant. 

A string vibrating as a whole produces its fundamental, or the note 
of lowest pitch that it can give. A frequency which is a multiple of the 
fundamental is called an overtone. i ‘ 

The frequency of a vibrating string is inversely proportional to its 
length, its diameter, and the square root of its density; it is directly 
proportional to the square root of the tension. 

In musical instruments, the sound waves are generally caused by vi- 
brating strings, or air jets. Air jets may be set up by reeds, by the vibra- 
tions of the lips of the player, or by the air striking the edge of an opening. 
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A closed organ pipe is one-fourth as long as the sound wave which 
it produces; an open pipe is one-half as long as the sound wave which it 
produces. 

In an open pipe, the whole series of overtones is possible; in a closed 
pipe, only those overtones whose frequencies are odd multiples of the 
fundamental are possible. 

The overtones of bells and plates are not whole number multiples of 
the fundamental. They do not produce harmony when struck simultane- 
ously. 

Complex sounds may be analyzed graphically by the oscillograph; the 
Helmholtz resonators are also used to pick out the overtones in complex 


sounds. 


How many of the following terms can you define or explain? 


Diatonic scale Phonograph Laws of vibrating strings 

Tempered scale Electrically cut records Stringed instruments 

Quality Analysis of sounds Hammond organ 

Overtone Chromatic scale Dictating machine 

Organ pipes Limits of audibility Phonodeik 

Wind instruments Fundamental Oscillograph 
QUESTIONS 


5 Describe the formation of the diatonic 
scale. 

2. How is the chromatic scale con- 
structed? 

3. Why was it necessary to devise a 
tempered scale? How was it derived? 

4. Can a violinist, if playing unaccom- 
panied, use the chromatic scale? Can he, if 
accompanied on the piano? Explain. 

5. Will the notes B and C’ be harmonious 
if struck together? Will the notes E and G? 
Explain why. 

6. Why do cymbals and drums produce 
a tone which is more like noise than like 
music? 

7. Why will vibrating strings produce 
overtones? 

8. How is it possible to tell the difference 
between the sound produced by a trumpet, 
a piano, and a saxophone which all produce 
the same note, middle C, for instance? 

9. Why are stringed instruments plucked 
or bowed near one end, rather than in the 
middle? : 

10. How do the strings of a piano exem- 
plify all the laws of strings? 

11. How are the tones of the Hammond 
organ produced? 


12. Why are some organ pipes made of 
metal while others are made of wood? 

13. What is the function of the bridge 
of a violin? 

14. What produces the vibrating air 
column in a clarinet? In a bugle? 

15. How are the different tones pro- 
duced on a flute? 

16. Which law of strings is applied in 
tuning a violin? Which law is applied in 
playing the instrument? 

17. How are the tones produced on a 
harmonica? 

18. What are the advantages of elec- 
trical reproduction over mechanical repro- 
duction of phonograph music? 

19. How are the different sounds of the 
human voice produced? How is its quality 
controlled? 

20. What effect is produced by playing 
a standard phonograph record, cut at 78 
revolutions per minute, at transcription 
speed, 334 revolutions per minute? What 
effect is produced when transcriptions are 
played at 78 revolutions per minute? 

21. What are the advantages of the 
finely-grooved records which play more 
than 20 min. on each side of a 12 in. disc? 
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22. What effect does the soft pedal of a 
piano have on the pitch of the tones pro- 
duced? How does it soften the tone? Is the 
mechanism the same on upright and grand 
pianos? 
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23. Willa piano properly tuned at 70° F. 
be in tune when the temperature reaches 
80° F.? Explain. 

24, Whatismeant by theaudio-frequency 
range? The ultrasonic frequency range? 


PROBLEMS 


S Group A 


1. What is the wave length of the note 
produced by an open organ pipe 3 ft. long? 

2. Aclosed organ pipe 2 ft. long is played. 
If the temperature is 20° C., what is the 
frequency of the tone? 

3. If the A string on a violin is 12 in. 
long, how much must it be shortened to 
produce C’? Assume A is 426 vibrations per 
second, Aa \ ye. 

4. If a string is stretched with a force of 
16 lb., it produces the note C. How much 
stretching force is required to yield the 
note G? 

5. A string 50 cm. long has a diameter of 
1 mm. Compare its frequency with that of 


another string 100 cm. long and 0.25 mm. 
in diameter. 

6. A closed organ pipe produces the note 
G, 384 vibrations per second. What are the 
frequencies of the first and second over- 
tones? To what notes on the scale do they 
correspond? 

7. If an open organ pipe produces the 
note G, what are the frequencies of the first 
and second overtones? To what notes on 
the scale do they correspond? 

8. What must be the length of a closed 
pipe which produces the note C’, 512 vi- 
brations per second, when the temperature 
is 15° C.P 


Group B 


9. A standard 12 in. phonograph record 
has a 3.5 in. width cut with grooves. If it 
has been cut with 85 grooves to the inch, 
and the record is played at 78 revolutions 
per minute, what is the playing time of the 
record? Some new 12 in. records have a 
3.0 in. cut, with 250 grooves to the inch. 
They are played at 334 revolutions per 
minute. By how much is the playing time 
increased) 

10. Calculate the frequency and the 
wave length of the lowest note on the piano, 
Ay, a little more than three octaves below 
middle C, when the temperature is 15° C. 

11. Calculate the frequency and the 
wave length of the highest note on the 
piano, C’”, when the temperature is 15° C. 


12. What will be the frequency of middle 
C on the scale which defines A as 440 vi- 
brations per second? 

13. The frequency of a string 50 cm. 
long, 1 mm. in diameter, and stretched by a 
force of 36 kg. is 300. Calculate the fre- 
quency of a second string which is of the 
same material, is 75 cm. long, has a diam- 
eter of 0.75 mm., and is stretched by a 
force of 64 kg. 

14. One string is 50 in. long, 0.05 in. in 
diameter, has a specific gravity of 8.8, and 
is stretched by a force of 64 Ib. A second 
string is 25 in. long, 0.0125 in. in diameter, 
has a specific gravity of 7.6, and is under a; 
tension of 144 lb. What are the relative 
frequencies of the two strings? 
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AVE YOU EVER HEARD THE OLD SAYING, “ SEEING IS BE- 
lieving’’) Perhaps you think that it is not always true. 
Nevertheless, “seeing” does play a most important part in 
helping us to learn. Scientists have found that we learn more 
through our eyes than through our four other senses com- 
bined. In fact, almost all that we learn comes to us through 
vision. 

We cannot see unless there is light. It is the light that is 
reflected from the surface of an object to our eyes that 
makes that substance visible. Just how light travels through 
space we cannot really say. Several theories have been ad- 
vanced, each of which has points of merit, but no theory 
has yet been proposed that accords with all the known prop- 
erties of light. 

The invention of the telescope in 1609 enabled man to 
increase the range of his natural eyesight. Galileo, the great 
Italian scientist, was one of the first to construct such an 
instrument. With his crude telescope, he made many dis- 
coveries concerning the heavenly bodies, and became con- 
vinced that Copernicus was right when he advanced the 
revolutionary idea that the sun is the center of our solar 
system. What progress has been made since the time of 
Galileo in the construction of optical instruments! Today 
the eyes of the world are turned to the greatest of all tele- 
scopes which is mounted on the summit of Mount Palomar 
in California. What distant stars will be brought within the 
range of our vision with this remarkable instrument! It is 
expected that this telescope will enable us to see stars so 
distant from us that it has taken a billion years for the light 
from them to reach us here on earth. 

Not only the distant, but also the near at hand can be 
seen more clearly by combinations of lenses. Microscopes 


reveal to us the arrangement of the particles in a piece of 
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steel, the structure of plant and animal cells, and the exist- 
ence of minute forms of life such as protozoa and bacteria. 

Tn our daily life we make practical use of simple optical 
instruments. We use a mirror when combing our hair. Many 
of us are dependent upon eyeglasses to improve our vision. 
A simple convex lens is used as a reading glass to make fine 
details on a map more legible. Many of us are interested in 
photography and use a lens to focus images on photographic 
film. Without lenses we would not be able to enjoy moving 
pictures. 

In this unit we shall learn about proper illumination, an 
important matter if we are to protect our eyes from strain. 
We shall find that scientists have strived for three centuries 
to measure, as accurately as possible, the speed of light. The 
laws of reflection and refraction will be explained, and these 
principles applied to more complex instruments such as the 
telescope and microscope. We shall study the defects of the 
human eye, and how they may be corrected with proper 
lenses. Color makes the world a brighter, happier, more in- 
teresting place. Why are there different colors in what we 
see? What is color blindness? Do you know how light is 
polarized to reduce the glare of bright sunlight? These are 
Some questions which will be answered in this unit. 
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Unit Eight 
Chapter 16 


1. Nature and Velocity 


400. What is the nature of light? 
We know that sound is transmitted to 
our ears by means of waves traversing 
some particular kind of medium. In 
contrast to sound waves which usually 
come to us through the air, we have 
heat radiations which are transmitted 
to us through no medium at all, or 
through what we may call the ether, 
simply for convenience. Light waves, 
too, come to us through empty space, 
as “ether” waves. Radio waves, heat 
radiations, light, and X rays are all 
the same kind of radiation. They differ 
in wave length only. 

Waves of a certain length affect the 
oplic nerve and are called light waves. 
Just as our ears are sensitive to air 
waves of certain lengths, so our eyes 
are sensitive to ether waves of certain 
lengths. Heat waves and radio waves 
are longer than light waves. X rays 
and gamma rays have much shorter 
wave lengths. 

401. There are several theories of 
light. As early as 1678, Huygens pro- 
posed his wave theory of light and sug- 
gested that light waves are ether 
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waves. The theory met with much op- 
position and was not generally ac- 
cepted before the beginning of the 
nineteenth century. The theory was 
opposed strongly by Sir Isaac Newton, 
who favored the corpuscular theory. 
According to the corpuscular theory, 
or the emission theory, streams of ex- 
tremely small particles or corpuscles 
are emitted by luminous bodies. Such 
corpuscles produce the sensation of 
light when they enter the eye and 
stimulate the optic nerve. Newton’s 
influence upon scientific thought was 
great enough to delay the acceptance 
of the wave theory for about one hun- 
dred years. 

When Huygens assumed the exist- 
ence of the ether as a medium through 
which light waves are transmitted, 
men of the eighteenth century found 
it difficult to accept his theory. It is 
difficult to try to picture a medium 
which we cannot see, feel, smell, or 
taste. We find it hard to imagine a 
weightless fluid so subtle that it slides 
in between the molecules and pervades 
all space, even that of the best vacuum, 


Vocabulary a 


Luminous, emitting light. 

Innumtnarep, shining because of ability to 
reflect light received from outside sources. 

INcanpEscent, glowing because of being 
heated to luminosity. 

Pxotomerrn, an instrument used to measure 
candle power. 


Corpuscte, a tiny particle. 

TRANSLUCENT, transmitting some light. 

OCTAGONAL, eight-sided. 

Umer, a shadow. 

Prenumera, a partial shadow. 

Puoton, a tiny packet or quantum of light 
energy. 
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Fig. 426. James Clerk-Maxwell (1831-1879) 
was a Scotch physicist. In 1873 he published 
a treatise on “Electricity and Magnetism.” 
He believed that light waves are electro- 
magnetic in their nature. His belief was con- 
firmed by the discovery of the Hertzian waves. 
The theory was accepted because 
it was difficult to explain some of the 
phenomena of light by the corpuscular 
theory. 

In 1864, James Clerk-Maxwell, one 
of the greatest of modern physicists, 
suggested that light has its origin in 
ether waves set up by electrical dis- 
turbances. His electromagnetic theory 
of light was then commonly accepted, 
especially since the experiments of 
Heinrich Hertz seemed to confirm 
Maxwell's suggestion. Men believed, 
then, that light waves were ether waves 
which had their origin in the vibrations 
of electrically charged particles which 
compose the atoms themselves. (Sce 
Fig. 426.) 

Still more recently the quantum 
theory of light has been accepted. 
Max Planck of Berlin suggested in 
1900 that light is transmitted in small 
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bundles or packets of energy called 
photons, or quanta of light. Einstein’s 
experiments confirm this theory, and 
his theory of relativity has shown that 
the ether cannot exist as a material 
substance. The beginner in physics will 
find the wave theory much simpler in 
his study of light, but he needs to keep 
in mind that scientists must admit 
that there is still much to be learned 
concerning the nature of light. To ex- 
plain all the various phenomena of 
light it seems to be necessary to use 
both the quantum theory and the wave 
theory. 

402. How do light waves differ 
from sound waves? In several ways 
light waves differ from sound waves: 

1. Light waves travel through a 
vacuum, while sound waves do not. 
Hence, light waves are electromagnetic 
waves, but sound waves must be trans- 
mitted by ordinary matter. 

2. Light waves are transverse, while 
sound waves are longitudinal. 

3. Sound waves vary in length from 
about 1 cm. to nearly 21 meters, while 
light waves range from 0.000039 cm. 
to only 0.000081 cm. in length 

4. Light waves ordinarily travel in 
straight lines, but sound waves bend 
around corners readily. We can hear a 
person who stands around the corner 
from us, but we cannot see him. 

5. Light travels so rapidly that it is 
considered instantaneous for short dis- 
tances. The speed of sound is very slow 
compared to that of light. In one 
second light travels a distance equal 
to more than seven times around the 
earth at the equator. 

403. What are the sources of 
light? 1. Natural. Nearly all the natu- 
ral light that we receive comes from the 
sun, which is the center of our solar 
system. The distant stars furnish us 
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with some light. Some of the stars are 
larger than our sun and really give off 
more light, but they are so far away 
that we receive only a tiny fraction of 
the light that they emit. The light we 
get from the moon is really sunlight re- 
flected to us from the surface of the 
moon, which acts like a large mirror in 
its ability to reflect light. 

Dr. Michelson, formerly of the Uni- 
versity of Chicago, devised a method 
of measuring the diameters of some of 
the stars. He found, for example, that 
Betelgeuse, a bright star in the well- 
known constellation Orion, has a di- 
ameter much greater than that of our 
sun. The diameter of the sun is about 
866,000 miles, but Betelgeuse has a 
diameter of about 235,000,000 miles. 
If this super-giant star were placed at 
the position the sun now occupies, its 
outer edge would extend out beyond. 
the earth’s orbit nearly as far as the 
orbit of the planet Mars. (See Fig. 427.) 

2. Artificial. There are several ways 
of producing artificial light. Friction 
may be used to heat objects until they 
glow. When gas, oil, or other fuel burns, 
light is produced. Electricity is used 
to heat tungsten wires to incandescence, 
or until they glow. Sometimes burning 
fuel is used to heat objects to incan- 
descence. 

404. What is the difference be- 
tween luminous and illuminated 
objects? When a platinum wire is 
heated, the lengths of the waves that 
it sets up become shorter as the tem- 
perature rises. The wire soon begins to 
glow, or it becomes incandescent. It is 
a luminous body, visible on account of 
its own light. An object that gives off 
light on account of the energy of its 
own oscillatory particles is said to be 
luminous. The stars are luminous and 
emit light. 
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Fig. 427. Albert Michelson (1852-1931), a 
physicist at the University of Chicago, de- 
vised the mile-long vacuum tube for measur- 
ing the velocity of light. He invented the 
interferometer and was awarded the Nobel 
Prize in Physics in 1907. He measured the 
diameter of the star Betelgeuse, which has a 
diameter much greater than that of the earth's 
orbit. 


Just as sound and heat are reflected, 
so light waves may be turned back 
from the surfaces of bodies. Mirrors 
reflect light that is received from some 
other source. A body that merely re- 
flects light which it has received is an 
illuminated body. The moon is an ex- 
cellent example. Like a huge mirror, it 
reflects light which it receives from the 
sun. Some of the stars may be hot 
enough to be luminous, but the planets 
are illuminated bodies, reflecting light 
received from the sun. 

405. What do we mean. by reflec- 
tion, absorption, and transmission 
of light? What happens when light 
waves fall upon the glass of our win- 
dows or upon the surface of a body of 
water? Part of the light is reflected 
from the glass or the water. Part of it 
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travels through the medium, or is 
transmitted by it. Still another part of 
the light is absorbed by the medium 
itself. It is of interest to inquire more 
carefully concerning the three different 
ways in which light that is incident 
upon various bodies is affected: 

1. Reflection. Smooth water has been 
used as a reflector of light from the 
earliest times. It makes a fairly good 
mirror. The panes of glass from the 
window of a distant house reflect light 
to us. If the glass is removed, we see 
what appears to be a dark opening. 
Highly polished metals make good re- 
flectors of light. The planet Venus ap- 
pears very bright. It is estimated that 
the surface of Venus reflects about 
50% of the light that it receives, while 
the surface of the planet Mars reflects 
less than 25% of the light that is in- 
cident upon it. 

2. Absorplion. Dark-colored objects 
are good absorbers of light. Black ob- 
jects absorb all the light that falls upon 
them. When the vertical rays of the 
sun are incident upon a body of water, 
most of their light is either absorbed 
or transmitted. More of the rays are 
reflected when they strike the water 
at an oblique angle. You can probably 
look at the image of the sun in the 
water without discomfort when the sun 
is directly overhead, but your eyes are 
dazzled by the reflected rays from the 
setting sun. 

3. Transmission. Air, glass, and 
water transmit light readily. They are 
said to be transparent. So much light 
is transmitted by transparent bodies 
that it is easy to distinguish objects 
through them. Formerly, oiled paper 
was used in windows as a substitute 
for glass. Light passes through such 
paper, but the amount transmitted is 
too small to enable one to dislinguish 
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objects through it. Such paper is said 
to be translucent. Frosted electric lamps 
and some lamp shades are also ex- 
amples of translucent substances. They 
transmit some light, but so much of 
the light is scattered or diffused that 
objects seen through them cannot be 
identified. Opaque substances do not 
transmit light at all. Hence we cannot 
see through them. No substance is per- 
fectly transparent, since the clearest 
air or the clearest water absorbs some 
light rays. On the other hand, no sub- 
stance is perfectly opaque. We think 
of gold as being opaque, but when 
gold is beaten into extremely thin 
sheets, it transmits some light. A sheet 
of steel an inch thick is opaque to light, 
but it is possible to grind steel sheets 
so thin that they transmit intense light. 
With our eyelids closed, we can tell 
when a light has been turned on in a 
darkened room. 

406. What are rays, beams, and 
pencils of light? From a luminous 
point, light waves travel outward in all 
directions. If the medium is of the same 
nature throughout, the light travels in 
straight lines. When one aims a rifle 
he makes use of this fact, since the 
light from the object at which he aims 
is reflected along the two sights of the 
rifle. A single line of light coming from 
a luminous point is called a ray. Several 
parallel rays form a beam of light. The 
rays coming from the sun are so nearly 
parallel that we may consider them as 
beams. When several rays of light come 
from a point they form what is called 
a diverging pencil. Rays from an auto- 


Fig. 428. The umbra is the darkest part of 4 
shadow. 
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Sun eclipsed 


at new moon 


Sun is totally 


eclipsed for persons 
between A and B 


Fig. 429. The sun may be eclipsed when the moon comes directly between the earth and the sun. 


mobile headlight. are somewhat diverg- 
ing. Several rays of light proceeding 
toward a point form a converging pencil. 
When the sun’s rays pass through a 
burning glass, they are bent as they 
pass through the glass. They converge 
to a point called a focus. 

407. What causes shadows? Since 
an opaque object absorbs light, the 
space behind it is in darkness. Any 
space from which the light is excluded 
by an opaque object is called a shadow. 
When the source of light is a point, as 
in Fig. 428, all the rays will be cut off 
from the dark part of the screen S by 
an opaque ball B. If the light comes 
from a spherical object, the shadow 
will vary in intensity. (See Fig. 430.) 
The part from which all the rays of 
light are excluded, included in the cone 
DCF, is called the umbra. The lighter 
parts of the shadow, C Fy and CDz, are 
called the penumbra. The Juminous 


ball S is not entirely hidden from an 
observer between x and C, but part of 
its rays are cut off. : 

408. How are eclipses caused? 
When Alexander the Great asked Di- 
ogenes how he could serve him, the 
reply of Diogenes was: “You can stand 
out of my sunlight.” Diogenes objected 
to being eclipsed by King Alexander. 
When the moon revolves around the 
earth, it may come almost directly be- 
tween the earth and the sun. This can 
happen only at new moon. Then it cuts 
off the sun’s rays and we have an 
eclipse of the sun. Certain portions of 
the earth’s surface fall within the 
shadow of the moon. When the moon 
is at the position shown in Fig. 429, 
the sun will be totally eclipsed for an 
observer at any place on the earth 
between A and B. 

In its revolution around the earth, 
the moon may pass through the earth’s 


Moon's orbit. 


B 


Fig, 430. The moon is eclipsed when it pa 


sses through the earth’s shadow. 


330 


Coiirtesy of the American Museum of Natural History 
Fig. 431. Photograph of total eclipse of the sun. 


shadow. Then we have an eclipse of 
the moon, which can happen only at 
full moon. (See Fig. 430.) At one po- 
sition we see the moon passing from 
the earth’s penumbra into its umbra. 
Then it passes on through the umbra 
and the other portion of the penumbra, 
and the eclipse ends. Since the moon 
does not shine of its own light, it ap- 
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Fig. 432. A diagram to show Roemer's method 
of calculating the velocity of light. 

pears dark when the sun’s rays are cut 
off by the earth. 

409. How fast does light travel? 
Light travels so fast that it appears to 
be instantaneous. In fact, Galileo con- 
cluded that no time at all was required 
for light to travel from one place to 
another. His conclusion was accepted 
until the year 1675, when Roemer, a 
Danish astronomer, found a method 
for measuring the velocity of light. He 
watched the time of the eclipses of one 
of Jupiter’s satellites or moons, first 
when the earth was on the side of the 
sun nearest to Jupiter and six months 
later when the earth was on the op- 
posite side of the sun. From Fig. 432, 


_-Light ray reflected 
„<“ from octagonal mirror 


Light ray reflected 
from the mirror at 
Mount San Antonio 


Fig. 433. Octagonal mirror as used to measure light velocity. 
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we see that the satellite M is just en- 
tering the umbra of the planet Jupiter. 
Roemer observed this eclipse from the 
earth at the position E. Six months 
later the earth was at 4’, on the op- 
posite side of the sun from Jupiter, 
which in the meantime had moyed to 
the position J’. From E’ Roemer ob- 
served the eclipse of the same satellite 
M'. But in this case, let us say, he 
found that the eclipse occurred 16 
min. and 36 sec. later than the time 
that it should have occurred from his 
calculations. He knew that he was 
186,000,000 miles farther from Jupiter 
than before. Hence he concluded that 
the difference in time must be the time 
actually required for light to travel 
across the earth’s orbit. If light travels 
186,000,000 miles in 996 sec., then the 
velocity of light must be a little more 
than 186,000 miles per second. 

Other methods for finding the ve- 
locity of light have been used. Dr. 
Michelson, Fig. 427, formerly of the 
University of Chicago, used two dif- 
ferent methods: 

1. Use of octagonal mirror. An oc- 
tagonal mirror was set up at the Mt. 
Wilson observatory in California and 
concave and plane mirrors at Mt. San 
Antonio, about 22 miles distant. À ray 
of light, reflected from one of the oc- 
tagonal faces of the rotating mirror to 
the mirrors at Mt. San Antonio, was 
reflected back again in a parallel line 
to Mt. Wilson, where it was observed 
by means of a telescope. A series of 
flashes were reflected from the rotating 
mirror every eighth of a rotation. 
Knowing the distance between the 
two places, and measuring the time 
needed for every eighth of a revolu- 
tion, he could calculate the velocity of 
light. (See Fig. 433.) 

2. The mile-long tube. The method 


Courtesy of Mount Wilson Observatory 
Fig. 434. The mile-long vacuum tube used 
by Michelson to eliminate errors due to haze 
and variations in air density while measuring 
the velocity of light. Scientists are always 
striving for greater accuracy of measurement. 
Try to imagine the amount of labor involved 
in constructing such a tube and evacuating it 
in order to eliminate the slight error that air 
currents or a slight haze might produce. It 
does not seem very strange that so careful and 
painstaking a man should be awarded the 
Nobel Prize. Edison is said to have made the 
following remark: “Genius is 95% perspira- 
tion and 5% inspiration." No one can be cer- 
tain about the relative percentages, but there 
is no doubt that both are necessary for success. 


332 


just given is subject to errors due to 
haze and to varying density of air. For 
more accurate work, Michelson con- 
structed a mile-long vacuum tube in 
which the light was reflected back and 
forth ten times. The value he obtained 
by this method is 186,285 miles per 
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second, which is not believed to be 
more than one mile in error. (See Fig. 
434.) 

The velocity of light in water is 
about 2 as great as in air. In ordinary 
glass it is about å as great. Light travels 
slightly faster in a vacuum than in air. 


9. Photometry 


410. What do we mean by inten- 
sity and illumination? In our study 
of sound we learned that an intense 
sound may not seem very loud to an 
auditor at a considerable distance from 
the source. The intensity of a light 
source depends upon the energy pro- 
duced by the luminous body. It is meas- 
ured in candle power. The brightness of 
the light which we receive depends not 
only upon the candle power which the 
light source gives, or upon its intensity, 
but also upon our distance from that 
source. The amount of light that we 
receive is measured in foot-candles. 

Of course, one will get just twice as 
much light from a 40-candle-power 
light as he will from a 20-candle- 
power light, provided that he is the 
same distance from each one. If we 
study Fig. 435, we can understand why 
light appears to grow dimmer as we 
move farther away from its source. 

The light is emitted from a lumi- 


Fig. 435. How increasing the distance affects 
the amount of illumination a body receives. 


nous point at P, and it spreads out in 
all directions. Suppose we place the 
screen A, which has an area of just 
1 sq. ft., exactly 1 ft. from the light 
source. B, which is four times as large, 
is placed 2 ft. distant; and C, which 
has nine times the area of screen A, is 
placed 3 ft. away. Both the screens B 
and C are completely shaded by the 
screen A. When the screen A is re- 
moved, then those rays of light which 
had illumined A will fall upon the 
screen B. But B has an area of 4 sq. 
ft., while the area of A is only | sq. ft. 
Hence each sq. ft. of surface at B, 
2 ft. from the light source, can receive 
only one-fourth as much light as 1 
sq. ft. of surface at A, only 1 ft. dis- 
tant. Likewise, C is three times as far 
away as A, and the light will be spread 
over nine times as much area. Thus 
1 sq. ft. of surface will receive only one- 
ninth as much light at G as at A. 

These observations, which can be 
verified by experiment, may be sum- 
marized in a general statement known 
as the LAW OF ILLUMINATION. The 
inlensily of illuminalion of a body is 
inversely proportional to the square of 
ils distance from the source of light. 
A man who is 20 ft. from an are light 
will receive only one-fourth as much 
light as one who is 10 ft. away. 
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Four candles 
two feet distant 


One candle 
one foot 
distant 


Both sides of screen 
equally illuminated 


Fig. 436. Amount of illumination is inversely 
proportional to the square of the distance from 
light source. 


411. How is light measured? 
From the preceding section, it is evi- 
dent that there are two standards for 
measuring light: (1) to measure the in- 
tensity of the light at its source; (2) to 
measure the amount of light that an il- 
luminated body receives. (See Fig. 436.) 

The intensity of a source of light 
is measured in candles. Formerly an 
actual candle was used as a standard. 
Today, the candle is defined as one- 
sixtieth of the intensity of one square 
centimeter of a hollow enclosure main- 
tained at the temperature of solidify- 
ing platinum, about 1755° C. In prac- 
tice, it is much more convenient to use 
incandescent lamps, which have been 
rated by comparison with the standard. 
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Fig. 437. The cut at the left shows illumination in all directions 
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The amount of light they emit is very 
constant if the voltage on which they 
are operated does not fluctuate. 

Incandescent lamps used for interior 
lighting generally range from a few 
candle power to several hundred candle 
power. A 40-watt lamp gives about 
32 candle power (32 C.P.). A 100- 
watt lamp gives about 100 candle 
power. The ordinary are light gives 
about 500 candle power. Some powerful 
searchlights give several million. 

Tf we observe closely the ordinary 
tungsten lamp suspended vertically 
with the shade removed, we notice that 
the light emitted horizontally is much 
more intense than that given off ver- 
tically. Candle power may refer to 
horizontal illumination, or to illumi- 
nation in any direction. The candle 
power of the arc light as already given 
is the average of the candle powers in 
all directions, or its mean spherical 
candle power. The maximum candle 
power of the arc light is much more 
than 500. (See Fig. 437.) 

The fool-candle is used to measure 
illumination. As the name implies, the 
foot-candle must depend upon the 
candle power of the light and the dis- 
tance. The foot-candle is a measure of 


from an unshaded lamp. The cut 


at the right shows how illumination is directed by a shade. 
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Fig. 438. Foot-candle meters may be so 
graduated that they show the amount of light 
in foot-candles by comparison, or they may be 
made to read directly. Out-of-door photog- 
taphers make use of such meters to measure 
the brightness of light. 


the intensity of light one receives from 
a 1-C.P. source one foot distant. A per- 
son seated 1 ft. from a 20-C.P. lamp 
receives 20 foot-candles of light. (See 
Fig. 438.) If he sits at a distance of 2 ft. 
from such a lamp, he receives only 5 
foot-candles. 


20 + (2)? = 5. (LAW OF ILLUMINATION.) 
The number of foot-candles may be 
found by dividing the candle power of 


the light by the square of the distance 
measured in feet. 


A C.E. 
Foot-candles = —3-- 
d 
xIn illuminating engineering, the 
lumen is an important unit that is 


much used. It denotes the quantity or 
amount of light. If we place a 1-C.P. 
source at the center of a sphere of one- 
foot radius, the amount of light falling 
upon one square foot of the inner sur- 
face of the sphere is one lumen. Or, if 
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we cut an opening in the sphere whose 
area is exactly one square foot, the 
amount of light which escapes from 
the opening is one lumen. If we make 
the size of the opening two square feet, 
then two lumens of light escape. Since 
the area of such a sphere is 12.57 sq. ft., 
then the total amount of light emitted 
by a 1-C.P. source is 12.57 lumens. 
If we have a 2-C.P. light at the center 
of a sphere of one-foot radius, the 
amount of light falling upon every 
square foot of area is two lumens. 
Hence, 


lumens = foot-candles X area in sq. fl. 


412. How much light do we need? 
The number of foot-candles needed 
varies with the kind of work one is 
doing, Too much light is quite as in- 
jurious to the eyes as too small an 
amount, Engineers seem to be gradu- 
ally increasing their figures for the 
amount of light needed. They now 
suggest 30 foot-candles read- 
ing ordinary print. For reading fine 
print, 50 foot-candles may be needed. 
One who uses fine thread for sewing, 
especially with black goods, requires 
at least 100 foot-candles. 

Formerly, many factories were very 
poorly lighted. Now, engineers make a 
study of the lighting problems, because 
sufficient light speeds up the work and 
fewer accidents result. Efforts are made 


for 


to eliminate glare and to prevent 
shadows. 

413. How can we use light wisely? 
Suppose that we need 30 foot-candles 
for our reading. Disregarding reflec- 
tion, we may use a 150-watt lamp of 
about 120 C.P. and sit 2 ft. from the 


lamp. In actual practice, however, 


walls and ceilings greatly affect the 
amount of light reflected to our task. 


Lampshades, likewise, direct much light 
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that would be otherwise wasted into 
more useful directions. Consequently, 
it is possible by proper light reflection 
to get adequate illumination with lower 
candle power lamps. 

414. How is candle power meas- 
ured? We measure the candle power of 
any light source by comparing the in- 
tensity of its light with that of some 
standard light source. The instrument 
used is called a photometer. Several 
types are in use: 

l. Bunsen photometer. In this pho- 
tometer, sometimes called the grease- 
spot photometer, a piece of paper, in 
the center of which there is a grease 
spot, is placed on a meter stick be- 
tween the standard lamp and the lamp 
of unknown candle power. Then it is 
moved back and forth along the meter 
stick until it is equally illuminated 
on both sides. When the paper is 
equally illuminated on both sides, the 
grease spot practically disappears. (See 
Fig. 439.) If we hold such a piece of 
paper toward the window, the grease 
spot will appear lighter than the rest 
of the paper because it transmits light 
better. It is a poorer reflector of light 
than the paper, and it appears darker 
than the paper when held away from 
the window so that we see it by re- 
flected light. When the paper screen is 
properly adjusted, we measure the dis- 
tance from the standard lamp to the 

Lamp of 


unknown 
candle- 


Standard 
lamp 


Fig. 439. The Bunsen, or grease-spot, photom- 
eter, 


Courtesy of Westinghouse 


Fig. 440. In the spherical photometer the 
light is placed at the center of a large sphere. 
The amount of illumination is measured by 
means of a photo-electric cell. 


grease-spot screen, and the distance 
from the lamp of unknown candle power 
to the screen. The candle powers of the 
two light sources are directly proportional 
lo the squares of their distances from the 
screen. This is the LAW OF INTENSITY 
of light. It must not be confused with 
the LAW OF ILLUMINATION of light. The 
former depends upon the amount of 
energy of the luminous body, and the 
latter upon the amount of that energy 
which the illuminated body receives. 
Suppose that we use a 20-C.P. lamp 
as our standard. The screen is equally 
illuminated when it is 20 cm. from 
the standard and 80 cm. from the 
lamp of unknown candle power. Evi- 
dently the unknown lamp must have 
the greater intensity, since it supplies 
as much light at a distance of 80 cm. 
as the standard does at a distance of 


2 
30 cua It mist he ©22,, or 16, times 
(20)? 


as intense. Hence, its candle power 
equals 16 X 20, or 320 C.P. 

2. Joly photometer. This is a simple 
photometer suitable for student use. 
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It consists of two blocks of paraffin 
separated by tin foil. The light on 
either side is transmitted by the paraf- 
fin, but not by the tin foil. The ob- 
server can tell when the illumination 
on both sides is equal by looking at the 
edges of the paraffin blocks and judg- 
ing when both are illuminated to the 
same depth equally. The distances are 
then measured, and the calculations 
made in exactly the same manner as 
with the Bunsen photometer. 


3. Spherical photometer. This ac- 
curate photometer is much used com- 
mercially. The lamp is placed in the 
center of a large sphere which is 
painted white on the inside. The in- 
tensity of the light transmitted through 
a window is measured by means of a 
photo-electric cell. The more intense 
the light, the stronger the current 
which it produces in the photo-electric 
cell. This cell is discussed more fully in 
a later chapter. (See Fig. 440.) 


Summary 


Like heat, light is also a form of radiant energy. It ordinarily travels 
in straight lines at a velocity of about 186,000 miles per second. 

An object may reflect, absorb, or transmit the light waves which it 
receives. A substance that transmits light readily is said to be trans- 
parent. If a substance does not transmit light at all, it is said to be 


opaque. 


That part of a shadow formed by the exclusion of all the light is 
called the umbra; that portion from which only a part of the light is 


excluded is called the penumbra. 


An eclipse of the sun is caused when the shadow of the moon falls 
upon the earth. An eclipse of the moon occurs when the moon passes 


through the earth’s shadow. 


The amount, of light which a body receives is directly proportional 
to the intensity of the luminous object and inversely proportional to 
the square of the distance between the light source and the illuminated 


body. 


Photometry deals with the measurement of the intensity of light. In- 
tensity is rated in candle power. The amount of illumination received 
is measured in foot-candles. The quantity of light emitted is measured. 


in lumens. 


Several types of photometer are in use: The Bunsen, Joly, and spheri- 


cal are the most common. 


How many of the following terms and phrases can you define or explain? 


Nature of light Shadows Foot-candles 
Sources of light Eclipses Law of illumination 
Michelson Photometry Law of intensity 


Theories pertaining to light 

Light waves compared to 
sound waves 

Reflection of light 


Velocity of light 
Intensity of light 
Candle power 

Octagonal mirror Bunsen photometer 


Amount of light one needs 
Measurement of candle power 
The mile-long tube 
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QUESTIONS 


1. During what phase of the moon is it 
possible to have an eclipse of the sun? Why 
is it impossible to have a solar eclipse at 
any other phases? 

2. In what phase must the moon be to 
have a lunar eclipse? Why are there no 
other phases of the moon when this is 
possible? 

3. In what ways are light waves similar 
to sound waves? In what ways do they 
differ? 

4, How does a sun dial work? What 
changes in construction have to be made to 
allow for different latitudes? 

5. Scientists measure the great dis- 
tances to far-away stars in light-years. 
What is a light-year? 

6. Why is it important to have a 
moderate level of illumination in a room in 
addition to the light concentrated on your 
work? 

7. Give examples of éransparent, trans- 
lucent, and opaque objects. 

8, Use a light meter to determine the 
number of foot-candles of illumination on 


the pupils’ desks in your classroom. How 
does the amount of illumination compare 
with the minimum of 30 foot-candles 
needed for school tasks? 

9. In what two ways may one increase 
the amount of light that one receives? 

10. The earth is about two-thirds of the 
way from the sun to Mars. How does the 
amount of light received on the earth com- 
pare with that which Mars receives? 

11. The moon is about 240,000 miles 
from the earth. The diameters of the sun 
and moon are respectively about 866,000 
miles and 2000 miles. Show by a diagram 
why the sun can never eclipse more than a 
small portion of the earth’s surface at any 
one time. 

12. In a certain solar eclipse a strip of 
land only 100 miles wide was in the moon’s 
umbra, while a strip of land 3500 miles wide 
was in the moon’s penumbra. What do these 
expressions mean? 4 

13. Who first determined the velocity of 
light? When? How? How does his deter- 
mination compare with Michelson’s? 


PROBLEMS 


Group A 


1. A school flagpole casts a shadow 90 ft. 
long. A. pole 5 ft. high, placed beside the 
flagpole casts a shadow 7.5 ft. long. What is 
the height of the flagpole? 

2. By sighting over the top of a tree 
125 ft. away, one can just spot the top of a 
building one-eighth of a mile distant. If the 
tree is 100 ft. high, how tall is the building? 

3. How many foot-candles of light will 
fall on a writing desk 3 ft. away from a 
60-C.P. lamp? Is this sufficient illumina- 
tion for ordinary reading? 

4, Fifty foot-candles of light are neces- 
sary for newspaper reading. How far from 
the paper should a 200-C.P. lamp be placed 
to give this amount of light? 

5. A fluorescent lamp is rated to give 
60 C.P. How far above a table should this 
lamp be placed in order to give 15 foot- 
candles of light? 

6. John sits in an easy chair when he 
reads, His book is 4 ft. from the lamp. 


Henry reads with his book on a desk, 3 ft. 
from the same lamp. How many times 
more light does Henry receive to read by 
than John? If the lamp contains a 200- 
C.P. bulb, how many foot-candles of light 
does each receive? 

7. Detailed shop work requires about 
50 foot-candles of illumination. What 
candle power lamp will be needed if it is 
placed 4 ft. from the work bench? How 
would the use of a reflector on this lamp 
affect the size of the bulb which would be 
needed? 

8. Henry reads from a 150-C.P. lamp 
3 ft. distant. Frank reads from a 300-C.P. 
lamp 5 ft. away. How many foot-candles 
does each one receive? Will it cost 2 times 
as much to operate the 300-C.P. lamp as 
the 150-C.P. lamp? 

9, Two lamps, one 16 C.P., and the other 
of unknown candle power, are placed at 
opposite ends of a meter stick. A Bunsen 
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photometer screen is equally illuminated 
when placed 40 cm. from the 16-C.P. 
lamp. What is the candle power of the 
unknown lamp? 

10, A 25-C.P. lamp is placed at one end 
of a photometer, and the unknown lamp is 
placed at the other end, 5 ft. away. The 
screen is equally illuminated when placed 
2 ft. from the 25-C.P. lamp. What is the 
candle power of the unknown lamp? 
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¿ 11. Incandescent lamps furnish about 
1:25 C.P. per watt. A 25-watt incandescent 
lamp is used in a desk lamp that is 2 ft. 
from a student’s book. Assuming that the 
reflector doubles the useful illumination, 
how many foot-candles does the book 
receiye? 

(12) The earth is about 92,500,000 miles 
from the sun. How long does it take light 
from the sun to reach the earth? 


Group B 


13. Two lamps of 30 and 25 C.P., re- 
spectively, are placed 125 cm, apart. Where 
must the screen of a photometer be placed 
so as to be equally illuminated by both 
lamps? 

14. The new 200 in. telescope at Mount 
Palomar is expected to pick up the light of 
stars 1 billion light-years away. How many 
miles away are these stars) 

15. Frank needs 25 foot-candles of light 
for his work. At what distance must his 
125-C.P. lamp be placed to furnish this 
illumination? 

16. The radius of the sun is 433,000 mi.; 
the radius of the earth is 4000 mi.; the dis- 
tance between the sun and the earth is 
92,500,000 miles. In Fig. 430, AS repre- 
sents the radius of the sun, ÆD the radius 
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of the earth, and SE the distance between 
the sun and the earth. Calculate HC, the 
length of the earth’s shadow. (Hint. Note 
that ASC and DEC are similar triangles. 
SC is equal to 92,500,000 miles plus x 
miles.) 

17. What was the speed of rotation of 
Dr. Michelson’s octagonal mirror, if light 
traveled 44 miles while the mirror made 
one-eighth of a revolution? 

18, Charles is measuring the candle 
bie of a 100-watt tungsten lamp, using 
a Joly photometer. His standard lamp is 
20 C.P., and is placed 90 cm. from the 
100-watt lamp. The photometer screen is 
equally illuminated when it is 25 em. from 
the standard lamp. What is the candle 
power of the 100-watt lamp? 


Unit Eight 
Chapter 17 


415. What factors govern the re- 
flection of light? The amount of light 
an object reflects depends upon the 
nalure of the material, the polish of the 
surface, and the angle at which the light 
strikes the surface. Mirrors are highly 
polished to make them better reflectors. 
The glare of the rising or setting sun 
upon the water teaches us that more 
light is reflected when the rays are inci- 
dent upon the surface at an oblique 
angle. At noonday it is not difficult to 
look at the image of the sun in the 
water, because perpendicular rays are 
more completely absorbed. 

416. What is the law of reflec- 
tion? The reflection of light is not un- 
like that of sound, or the rebound of a 
ball. Suppose we let MN of Fig. 441 
represent a reflecting surface. AD is a 
ray of light incident upon the reflector 
at D; and DB is the path of the re- 
flected ray. CD is a perpendicular to 
the reflecting surface which may be 
plane or curved; in physics it is gener- 
ally called the normal. The angle ADG 
is called the angle of incidence; the angle 
BDC is the angle of reflection. 

By actual experiment it may be 
shown that the angle of reflection is equal 
to the angle of incidence. This statement, 
which is true of all cases, is known as 
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the LAW OF THE REFLECTION OF LIGHT, 
If we increase the angle of incidence, 
the angle of reflection is correspond- 
ingly increased. If we stand directly 
in front of a mirror we can see our own 
image, because a ray of light incident 
upon the mirror along the normal is 
reflected back upon itself. The angle 
of incidence is zero and the angle of 
reflection must also be zero. The inci- 
dent ray, the normal, and the reflected 
ray must always lie in the same plane. 

417. What is regular reflection? 
Every schoolboy has used a piece of 
mirror to reflect the sunlight into the 
eyes of someone else across the room. 
Regular reflection from such surfaces 
produces so much glare that it is dif- 
ficult to see clearly. The rays from the 
sun are nearly parallel, and have the 


A Angle of 
incidence 


Angle of B 
reflection 


M 


Fig. 441. Angle of reflection equals the angle 
of incidence. 


Vocabulary SOMONLU er rd 


Avernation, wandering, or non-focusing. 

APERTURE, an opening. 

Dirruston, as applied to light, a scattering 
of light rays. 

VIRTUAL, apparent or formed by imaginary 
Tays. 


IMAGE, a picture or optical counterpart of an 


object. 
Focus, a point at which rays meet or appear 


to meet. i 
Normat, a line which is drawn perpendicular 
to a surface. 
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Reflected 
= rays 
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Fig. 442. Regular reflection of light. 


same angle of incidence; hence they 
are nearly parallel.as they are reflected. 
from the mirror. Fig. 442 shows us 
how a beam of light is reflected from 
a polished, plane surface. One finds it 
hard to read from a glazed paper in 
strong sunlight. The fact that one may 
walk into large mirrors or plate glass 
is evidence that neither perfect reflec- 
tors nor transparent objects are easily 
visible. 

418, What is diffused reflection? 
If we refer to Fig. 443, it will be easy to 
understand what happens when a beam 
of light is incident upon an irregular 
surface. Of course the law of reflection 
holds true for each particular ray of 
light, but the normals to the surface 
are not parallel, and the light is scat- 
tered in all directions. The importance 
of such diffusion, or scattering of light 
can hardly be over-estimated. If the 
sun’s rays were not diffused by rough 
surfaces and by dust particles in the 
air, the corners of a room and the 
space under shade trees would be in 
almost total darkness. In front of the 
windows the glare would be dazzling. 

419. How is diffusion of light 
promoted? To avoid glare, it is neces- 


Reflected 
~-rays are 
not parallel 


Fig. 443. Light is diffused by irregular reflection. 
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Courtesy of the General Electric Company 


Fig. 444, Nearly all the light passes through 
the film-covered glass. Untreated glass shows 
extensive glare. 


sary at times to promote diffusion of 
light by reflection or transmission. Let 
us mention briefly some of the methods 
used in each case. 

1. By reflection. Our newspapers are 
printed on unglazed paper. They are 
easier to read because the rough sur- 
face diffuses the light. In order to have 
the illustrations appear more clearly, 
books are often printed on semi-gloss 
paper. The semi-gloss paper is a com- 
promise, since half-tones should be 
printed on full-gloss paper to be effec- 
tive, but the printed matter on the 
same page would be difficult to read. 
Wall papers for living rooms and bed- 
rooms are not usually glazed. Their 
roughened surfaces promote diffusion. 
Glazed wall papers are popular for 
bathrooms and kitchens because they 
are washable and easily kept clean. 
The furniture and woodwork in our 
homes are often left with a dull finish 
to prevent glare from regular reflec- 
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tion. The egg-shell finish is popular, 
but not so easily kept clean as a more 
glossy finish. Dr. Katherine Blodgett 
has developed a process of coating glass 
with very thin layers of chemical films 
to prevent glare. (See Fig. 444.) 

2. By transmission. Nearly all elec- 
tric lamps are now frosted on the in- 
side to promote diffusion and prevent 
glare. Parchment shades soften the 
light by promoting diffusion. Prism 
glass and various other types of rough- 
ened glass are frequently used in win- 
dows to help prevent glare. See Fig. 
445.) Opalescent lamp shades and 
globes accomplish the same purpose, 
and manufacturers are still attempting 
to make lenses which, by means of bet- 
ter diffusion, will prevent glare from 
automobile headlights. 

420, What is a mirror? Any highly 
polished surface which can be used to 
form images by the regular reflection 
of light is a mirror. For ordinary look- 
ing glasses, or mirrors, plane pieces of 
ordinary glass or plate glass are silvered 
on one surface so that a large quantity 
of light will be reflected. Even the best 
mirrors do not reflect all the light 
which they receive, and we never see 
ourselves more than 70% as bad or as 
good as others see us. 

For special purposes, curved mirrors 
are used. Such curved surfaces may 
form part of a sphere, a cone, or a 
cylinder. Curved mirrors are either 
concave or conver. When the outside 
surface of a sphere is the reflecting 
surface, the mirror is convex; the inside 
of a hollow sphere forms a concave 
mirror. Peculiarly curved mirrors are 
sometimes used in amusement parks 
to produce grotesque images. 

_ 421. There are two kinds of 
images. Rays of light are sometimes 
reflected from a curved mirror in such 
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Courtesy of the Owens-Illinois Glass Company 


Fig. 445. Buildings of the future may have 
glass walls and no windows. Light is diffused 
through the walls. 


amanner that they meet in front of the 
mirror to form an image of the object 
from which the light comes. Such a 
picture or visual counterpart of the 
object may be thrown upon a screen. 
An image of this kind, which is formed 
by actual rays of light, is called a real 
image. Real images are always inverted, 
but they may be either larger or smaller 
than the object. 

When a person looks at his own im- 
age in a plane mirror, the rays of light 
appear to come from behind the mirror. 
Of course, the real rays of light are 
reflected from the surface of the mirror, 
but they seem to meet behind the 
mirror to form the image. An image of 
this kind is called a virtual image. Of 
course, such an image cannot be 
thrown upon a screen. Virtual images 
are always erect. They, too, may be en- 
larged or reduced in size. In a later 
chapter we shall see how lenses, too, 
can be used to form images. 
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422. How do small openings form 
images? If we punch a pinhole in a 
window shade in a darkened room on 
the sunny side of the house, a small 
image of the sun may be thrown upon 
a piece of white paper held a foot or 
more from the opening. In a dark room, 
it is possible to form an excellent image 
of a candle flame upon a white screen 
by letting the rays from the candle 
pass through a small aperture. (See 
Fig. 446.) Since light travels in straight 
lines, a ray of light from A, the tip of 
the candle, will pass through the open- 
ing to form an image of the tip of the 
flame at A’. From D a ray of light will 
fall upon the screen at D’. Rays from 
B form an image at B’. If the opening 
is very small, the image will be sharp 
and well-defined, but not very bright. 
Increasing the size of the opening 
makes the image brighter, but it be- 
comes less distinct. The pinhole camera 
is an application of this method of 
forming images. Fairly good pictures 
may be taken with such a camera. 

We notice that the triangles ABC 
and A'B'C of Fig. 446 are similar. 
Therefore, AB: A’B’ = BC: BC. 
But, AB is equal to half the size of the 
object, and A’B’ is equal to half the 
size of the image. BC equals the dis- 
tance of the object from the aperture, 
and B’C is equal to the distance of the 
image from the aperture. Therefore, 
we conclude that the relative sizes of 
the object and image are proportional to 
their relative distances from the opening. 


Fig. 446. Tiny openings may be used to form 
images. 
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Increasing the distance of the object 
reduces the size of the image, but mov- 
ing the screen farther from the open- 
ing increases the size of the image. 

Prose. An object 6 ft. tall is 8 ft. from 
an aperture which forms an image on a 
screen placed 4 in. from the opening. Find 
the size of the image. 

Solution. Size of object : size of image 
= object distance : image distance. Sub- 
stituting 72 in:¢ in. = 96 in.:4 in. 
Whence, « equals 3 in., the size of the image. 

423. What kind of images are 
formed by plane mirrors? When one 
looks at his image in a plane mirror, 
he finds that his image is neither en- 
larged nor reduced; it is erect; it is 
virtual, since the rays seem to come 
from behind the mirror; it is as far be- 
hind the mirror as the observer is in 
front. Since the image is formed on the 
normal produced, it will be reversed; 
the observer’s right hand will appear 
as the left hand of the observer’s image. 

By laboratory experiment it is pos- 
sible to construct the image of an ob- 
ject as formed by a plane mirror. Let 
us use for the object a triangle, ABG, 
drawn upon a sheet of paper- (See Fig. 
447.) The mirror is placed on the line 
MN. A pin is then placed at the vertex 
A of the triangle. By looking at the 
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Fig. 447. How images are formed by plane 
mirrors. 
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image of this pin in the mirror, it will 
be found possible to arrange two pins, 
E and D, in line with the image of the 
pin at A as seen in the mirror. Since 
light travels in straight lines, the 
image of the pin will be on the line 
ED produced behind the mirror. In 
the same manner we may set two pins, 
z and y, in line with the image of the 
pin at A. The image is also on this line 
produced. Since A’, the point of inter- 
section of the two sight lines, is the 
only point common to both lines, the 
image of A must be at the point A’. 
By the same method, it is possible to 
locate the image of the point B at B’, 
and of the point G at C’. In all these 
cases the image is found to be as far 
behind the mirror as the object is in 
front. By joining the points, and meas- 
uring the lines A’C’, A'B', and C’B’, 
we prove that the image is the same 
size as the object. 

This method of constructing images 
also verifies the law of reflection of 
light. As we look along ED, we see the 
ray of light coming from A. It is in- 
cident upon the mirror along the line 
AO; from the point O it is reflected 
along ED. When we erect a per- 
pendicular or normal to the mirror at 
O, we bisect the angle AOE. The angle 
EOR, which is the angle of reflection, 
is equal to the angle of incidence 
AOR. 

424, What are some uses of plane 
mirrors? By Ovid we are told that 
Narcissus became so infatuated with 
his image in the water that he was 
changed into the flower which bears 
that name. From the very earliest times 
mirrors have been used as looking 
glasses, We also use them in our houses 
for their decorative effect. They are fre- 
quently used by the army signal corps 
for flashing signals. Nearly all closed 
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automobiles are fitted with plane mir- 
rors to enable the driver to see cars 
behind him. 

*425. What is multiple reflec- 
tion? Just as sound waves bound and 
rebound between parallel cliffs or walls 
to produce echoes and re-echoes, so 
light waves are reflected back and 
forth between parallel mirrors or 
mirrors set at an acute angle, forming 
multiple images. The image formed in 
one mirror acts as the object which 
forms an image in the second mirror. 
Another image of this image may then 
be formed. Since some light is ab- 
sorbed each time, each succeeding 
image is fainter than the one just pre- 
ceding. The kaleidoscope is an ex- 
ample of multiple reflection. Three 
mirrors set at angles of 60° form mul- 
tiple images of vari-colored pieces of 
glass. Some beautiful designs are pro- 
duced in this manner. 

A thick plate-glass mirror also shows 
multiple reflection because both sur- 
faces are reflectors. Fig. 448 shows how 
the ray of light AB is partially re- 
flected to C; a part passes through the 
glass to D, the back of the mirror, 
whence it is again reflected. The path 
the ray may take is shown by the 
arrowheads. When it reaches the front 
surface, it is divided; a part enters the 
air, and a part is reflected to the back 
surface again. A gas-jet or electric 
light as viewed in a plate-glass mirror 
shows such a series of images. 


‘Part of ray 
reflected from 
back surface 


Fig. 448. Light is reflected from both the front 
and rear surfaces of a mirror. 
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426. Terms used with curved 
mirrors. Before one can understand 
how images are formed by curved mir- 
rors, we must define several terms that 
are used. Assume that the mirror used 
is part of the surface of a sphere. We 
represent the mirror by the arc of a 
circle. By using Fig. 449, these defi- 
nitions may be clarified. 

1. The center of curvature, C, is the 
center of the sphere of which the 
mirror forms a part. 

2. The aperture is the angular por- 
tion, MCN, of the sphere that is in- 
cluded by the mirror. Generally only a 
few degrees of the total surface are 
used as the reflecting surface. 

3. The vertex, V, is the center of the 
mirror itself. 

4. The principal aris is the line PV 
drawn through the center of curvature 
and the vertex. 

5. Any other line drawn through the 
center of curvature, SS’ for example, 
is called a secondary axis. 

6. The normal to the surface of a 
concave mirror is the radius drawn 
from the point of incidence, since the 
radius is perpendicular to a tangent to 
the surface. In a convex mirror, the 
normal is the radius produced. 

427. How are light waves fo- 
cused? Let us draw two lines AD and 
BE to represent rays of light parallel to 
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Fig. 449. Definitions regarding curved mirrors. 
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Fig. 450. Parallel rays are reflected to the 
principal focus. 


the principal axis, both incident upon a 
concave mirror as shown in Fig. 450. 
From the points of incidence we draw 
the normals CD and CE. By construc- 
tion we make the angles of reflection 
CDF and CEF exactly equal to the 
angles of incidence ADC and BEG, 
respectively. Thus we find that these 
parallel rays are reflected from the 
mirror to meet at the point F. Such a 
point where rays meet is called a focus. 
With a convex mirror, the reflected 
rays are divergent, but they seem to 
meet at a point back of the mirror. 
Such a point is a virtual focus. If the 
aperture of the mirror is small, rays of 
light parallel to the principal axis will 
meet or appear to meet at the principal 
focus, which is a point midway between 
the center of curvature and the vertex. 
The distance FV from the principal 
focus to the vertex is called the focal 
length of the mirror. 

Diverging rays coming from a point 


Fig, 451. Divergent rays are reflected as shown: 
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P on the principal axis will be brought 
to a focus on the principal axis, but 
the focus will be nearer the center of 
curvature than it is to the mirror. 
(See Fig. 451.) Converging rays are also 
focused by curved mirrors. Fig. 452 
shows a case where they are focused. 
upon the principal axis between the 
vertex and the principal focus. 

428. How can we construct the 
image of a point ina spherical mir- 
ror? Look at Fig. 453. We wish to find 
the image of the point P as formed by a 
concave mirror. First we shall draw 
the principal axis. Light is given off 
in all directions from the point P: 
Hence it is possible to draw any two 
lines to represent rays of light that fall 
upon the mirror, and then find where 
they intersect after reflection from the 
mirror. In all our construction work 
we must make the angles of incidence 
and reflection equal. The pupil will 
find it easier if we select for one line 
the secondary axis, since it is incident 
upon the mirror at an angle of 90°, 
and for that reason it is reflected di- 
rectly back upon itself. Hence, we draw 
the secondary axis PS from P to the 
mirror. Then the image of the point P 
must be at some point on the line PS. 
To find its exact position, we shall draw 


Fig. 452. Converging rays are reflected to 
Meet nearer the mirror than the principal focus. 


another line from P. For the other line 
to represent a ray of light from P we 
shall choose the line PB, which is 
parallel to the principal axis. We select 
this line because we know that all rays 
parallel to the principal axis are re- 
flected back to the principal focus, F. 
From the point of incidence of this 
line upon the mirror at B, this ray is 
reflected back through F to P'. We 
have located the image of P on the 
lines PS and BP’. It must be at P’, the 
only point common to the two inter- 
secting lines. To prove that PB passes 
through F when reflected, we may 
draw the normal BC, and show that 
the angle of incidence PBC equals the 
angle of reflection CB F. 

429. How are images formed by 
concave mirrors? We may construct 
the image of an object as formed by a 
concave mirror by locating the images 
of enough different points. If the ob- 
ject is an arrow, we can locate the 
image by finding the positions of the 
two points at its ends. Theoretically, 
we can consider an object as located 
at an infinite distance from the mirror 
and then see how and where the im- 
ages will be formed as the object is 
made to approach the mirror. Thus, 
six fairly distinct cases may be studied: 

Case 1. Object at infinite distance. 
If we could have an object at an in- 


Parallel to 
principal axis 


Fig. 453. How a concave mirror forms the 
image of a point. 


Fig. 454, Object at infinite distance. Image 
is a point. Case 1. 


finite distance from the mirror, all the 
incident rays would be parallel. They 
would all be reflected back to the prin- 
cipal focus. (See Fig. 454.) Hence we 
conclude that the image formed by a 
concave mirror when an object is at an 
infinite distance is a point at the prin- 
cipal focus. 

Case 2. Object at finite distance be- 
yond center of curvature. Look at Fig. 
455, We wish to locate the image of the 
arrow AB. We find the image of A as 
discussed in the preceding section by 
drawing the secondary axis AE and 
the parallel ray AD, which is reflected 
back through F to form the image of 
A at the point A’. In a similar manner 
we locate the image of B at the point 
B’. The construction lines used to lo- 
cate the image of A are all numbered 
1; those used to locate the image of B 
are numbered 2. From the diagram, 
we see that the image in this case is 
real, inverted, smaller than the object, 
and that it is formed between the center 
of curvature and the principal focus. The 
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Fig. 456. Object and image both at center of 
curvature. Case 3. 

nearer the object approaches the cen- 
ter of curvature, the larger the image 
becomes. 

Case 3. Object at center of curvature. 
When the object is at the center of 
curvature, as shown in Fig. 456, we 
find that the image of A is formed at 
A’, a point coincident with B, and 
that the image of B is at B’, a point 
coincident with A. To show the 
secondary axes in this case, we would 
need to make the aperture of the 
mirror 180°. When the objecl is at the 
center of curvature, the image is real, 
inverted, the same size as the object, and 
located at the center of curvalure. 

Case 4. Object belween center of cur- 
vature and principal focus. This case 
is the converse of Case 2. As shown in 
Fig. 457, we use the same method of 
finding the image that we have used 
before. We observe that in this case 
the image formed is real, inverted, larger 
than the object, and formed beyond the 
center of curvature. The nearer the 


Fig. 455. 


Two lines are necessary to locate 
an image. Case 2. 


Fig. 457. Object between center of curvature 
and principal focus. Case 4 
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Fig. 458. Object at principal focus. No image 
formed. Case 5. 


object approaches the principal focus, 
the larger the image becomes. 

Case 5. Object at principal focus. 
We observe that this case is the con- 
verse of Case 1. When we try to con- 
struct the image as in other cases, we 
find that the rays that are reflected 
from the mirror are parallel. (See Fig. 
458.) When the object is at the principal 
focus, no image is formed. Perhaps a 
mathematician would say that an in- 
finitely large image is formed at an 
infinite distance. 

Case 6. Object between principal 
focus and mirror. When we attempt to 
construct the image as in other cases, 
we find that the reflected rays which 
leave the mirror are divergent. They 
can never meet to form a real image. 
They appear to meet behind the mirror 
to form a virtual image, as shown in 
Fig. 459. In this case, the image is vir- 
tual, erect, enlarged, and situated behind 
the mirror. 


Fig. 459. Object between mirror and principal 
focus. Case 6, 
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430. How do convex mirrors form 
images? When we look into the con- 
vex mirror of the type used outside the 
windshield of some trucks, we see a 
small erect image of reduced size. We 
may use a diagram to show how such 
an image is formed. In Fig. 460, AB 
represents the object. The secondary 
axes are the radii produced. The parallel 
rays are reflected from the surface of 
the mirror and made divergent. The 
reflected rays produced appear to meet 
at the principal focus. With a convex 
mirror, all images formed are virtual, 
erect, smaller than the object, and located 
between the mirror and the principal 
focus. The size of the image is increased 
by bringing the object closer to the 
mirror, but it can never become as 
large as the object itself. 

431. What are the practical uses 
of curved mirrors? We have seen that 
curved mirrors can be used in amuse- 
ment parks to form fantastic images. 
The convex mirror, when used by auto- 
mobile drivers, gives a wide field of 
vision, but the driver cannot judge the 
distance of a car approaching from his 
rear from the size or position of the 
image in the mirror. In a plane mirror, 
the image seems as far behind the 
mirror as the object is in front of the 
mirror. Some drivers use both a con- 
vex and a plane mirror. 

Concave mirrors find use as reflec- 


Fig. 460. Image formed by a convex mirror. 
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tors of light and also for forming im- 
ages. We may use Cases | and 3 to 
find the focal length of the mirror. 
Since the focal length is just half the 
radius, we may double the focal length 
to find the radius of curvature. We 
may use Cases 2 and 4 to form images 
on a screen. The former gives a bright 
image of reduced size, while the latter 
case gives an enlarged image. When an 
enlarged image is formed, it always 
loses in brightness. The so-called shav- 
ing mirror is an application of Case 6. 
Your dentist also uses a small mirror 
of this type for examining your teeth. 

If we place an electric light at the 
principal focus of a concave mirror, its 
rays will be reflected from the mirror 
along parallel lines. When the light is 
placed a little nearer the mirror than 
the principal focus, the rays will be 
slightly divergent, as shown in Fig. 
461. Such a reflector is used in some 
types of lanterns, and in the headlights 
of locomotives. The searchlight and 
spotlight may use a concave mirror, 
or lenses may be used to concentrate 
the light rays on a distant object. 

Fig. 462 shows how different types 
of reflectors may be used to secure a 
proper distribution of light. Some re- 
flectors are wide and flaring. Others of 
the bell-shaped type concentrate the 
rays on a smaller area. 

The ophthalmoscope is a small con- 
cave mirror with a hole in its center. 
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Fig. 461. Headlights and searchlights. Lamp 
is placed near principal focus. 
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Fig. 462. Different types of reflectors. 


By using this instrument, a physician 
can reflect light into a patient’s eye, 
and at the same time look into the eye 
through the hole in the mirror. 

x432. What is spherical aberra- 
tion? If we use a mirror of large aper- 
lure, those parallel rays of light which 
fall upon the mirror near its edge are 
not reflected through the principal 
focus. They are focused at a point 
nearer the mirror. (See Fig. 463.) Only 
those parallel rays which are incident 
upon the mirror near its vertex are re- 
flected to the principal focus. The non- 
focusing of parallel rays at the principal 
focus is called spherical aberration. Such 
a wandering of the focus produces a dis- 
lorted image. 

What are the remedies for spherical 
aberration? If the aperture of the 
mirror can be kept as small as 10° or 
12°, the distortion of the image is 
negligible. A mirror of larger aperture 
may be used to collect more light rays, 
and an annular (annulus, ring) dia- 
phragm of some opaque material can 
be used with it to cut off those rays 
near the edge which would cause dis- 


Rays do not all 


Fig. 463. Spherical l 
focus at one point 


aberration. 
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tortion. An adjustable diaphragm of 
this type is used with a camera lens 
for a similar purpose. A third method 
of preventing spherical aberration de- 
pends upon the use of a mirror whose 
surface is not a sphere, but has the 
curve of the parabola. Fig. 464 shows 
how parallel rays are all focused at a 
point by such a mirror. Headlights in 
automobiles are generally fitted with 
parabolic reflectors. 

433. How do the relative sizes of 
object and image compare? In Sec- 
tion 422 we found that the relative 
size of the object and image depends 
upon their respective distances from 
the aperture. This was shown by the 
use of similar triangles. In the same 
manner, it is possible to show that the 
sizes of the object and the image 
formed by a curved mirror depend. 
upon their relative distances from the 
center of curvature. (See Fig. 459.) 
For mirrors of small aperture, it is 
possible to show that the relative sizes 
of the object and image depend upon their 
respeclive distances from the mirror. 
Stated as a proportion, size of object 
(So): size of image (Si) = distance of 
the object from the mirror (Do): dis- 
tance of image from mirror (Dj). Or, 

So: Si = Do: Di. 
Of course, when an object is magnified 
or reduced in size, both the length and 


the breadth are changed proportion- 
ally. 


Fig. 464. There is no 
aberration when a para- 
bolic mirror is used. 


Rays all meet 
at a point 
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Prosiem. An object 8 inches high is 
placed 3 ft. from a mirror. The image is 
formed on a screen 18 in. from the mirror. 
Find the height of the image. 

Solution. By substituting in the formula, 
So: Si = Do: Di, we have, 8:2 = 36:18. 
Whence, x = 4 in., the height of the image. 


x434. How can we find distances 
of object and image in terms of the 
focal length? As one might suspect 
from the various cases of image forma- 
tion by concave mirrors, there is a 
mathematical relation between the dis- 
tances of the object and image from the 
mirror and the focal length of the 
mirror. The derivation of such a for- 
mula is beyond the scope of secondary 
school work, but the formula is useful 
for solving problems. Using Do to 
represent the distance of the object 
from the mirror, Di to represent the 
distance of the image from the mirror, 
and F for the focal length, then 

1 1. 1 
Dots Din Ei 

This formula may be used in all cases 
governing concave mirrors. When 
the image is virtual, D; is a negative 
quantity. 

For convex mirrors, both ea and 3 

t 

are negative. 


Prosrem. An object is 6 ft. from a mirror 
whose focal length is 8 inches. Find the 
distance from the mirror at which the image 


is formed. 
Solution. Substituting in the formula, 
1 1 1 
DAD E 
an 
we have the following: 
1 ‘ieee 
2D: 8 


Clearing of fractions, 
Dj + 72 = 9Di. Whence, 
Di = 9 in. 


350 LIGHT 


Summary 


The angles of incidence and reflection are equal, and they lie in the 
same plane. 

Reflection from a polished surface is regular; from a rough surface, 
it is irregular or diffused. 

Mirrors are plane or spherical; spherical mirrors may be concave or 
convex. 

Images are real or virtual; a real image is inverted and can be thrown 
upon a screen. Virtual images are erect; they cannot be thrown upon a 
screen. 

Images formed by plane mirrors are erect, virtual, the same size as 
the object, and as far behind the mirror as the object is in front. 

A focus is a point where rays of light meet or from which rays of 
light diverge. Rays parallel to the principal axis are reflected to a point 
on the principal axis, midway between the center of curvature and the 
vertex. This point is the principal focus. Its distance from the vertex 
is the principal focal length. It equals half the radius of curvature of a 
concave mirror. 

In concave mirrors, the image is a point when the object is at an in- 
finite distance. As the object approaches the mirror, the real image 
formed increases in size, becoming equal to the object at the center of 
curvature, and infinitely large when the object is at the principal focus. 
If the object is brought nearer the mirror than the principal focus, the 
image becomes virtual. 

The images formed by convex mirrors are erect, virtual, and smaller 
than the object. 

Spherical aberration is the deviation from the principal focus of those 
rays of light that are reflected from the edge of the mirror. It may be 
remedied by using a diaphragm, or by having the mirror shaped like a 
parabola. 


How many of the following lerms can you define or explain? 


Laws of reflection Aberration Images by curved mirrors 
Mirrors Regular and diffused re- Relative sizes of object 
Images by plane flection and image 
mirrors Uses for mirrors Real and virtual images 
QUESTIONS 


5 1. How does the image of a page of above typesof paper is best for reproducing 
printed type, reflected by means of a mir- illustrations? 
ror, differ from its normal appearance in a 3. What kind of trick mirror produces 
book or magazine? a short, fattened image? What kind pro- 
aes Which is more restful on the eyes duces a tall, thin image? 
for continuous, steady reading: glossy, semi- 4. How is a periscope constructed? 
glossy, or unglazed paper? Which of the 5. What are the regulations in your 
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state concerning the adjustment of auto- 
mobile headlights? 

6. When examining your throat, a phy- 
sician sometimes wears a small curved mir- 
ror, with a hole in the center, over one eye. 
What is the function of such a mirror? 

7. What is the purpose of the small 
movable mirror on the base of a micro- 
scope? What type of mirror is it? 

8. Searchlight beams are sometimes 
directed vertically upward at airports dur- 


ing the night. Why is this done? 
9. Why are automobile headlights less 
effective on wet, asphalt roads? 

10. Why is it important to have school- 
room walls and ceilings light in color? 

11. Some movie screens are made with a 
layer of small, clear, glass beads over a 
white background. Why would a screen of 
this type produce a more brilliant picture? 

i What is a heliograph? How may it be 
use 


PROBLEMS = e) 
Group À 


1. What is the radius of curvature gi a 
mirror whose focal length is 7 in.? | 

2, The radius of curvature of a concave ” 
mirror is 10 cm. What is its focal length?> 

3. An object is placed 30 in. from a con- 
cave mirror whose focal length is 6 in. 
Where will the image be located? 

4, An object 10 cm. high is located 


42 cm. from a concave mirror. If the focal 
length of the mirror is 7 cm., where is the 
image located, and how large is it? 

5. If an object 12 in. high is placed 
15 in. from a certain concave mirror, it 
produces an image 24 in. high. What is the 
focal length of the mirror? What is its 
radius of curvature? 


Group B 


6. In order to produce an image two- 
thirds the size of an object which is placed 
10 in. from a concave mirror, what focal 
length mirror is needed? Where will the 
image be located? 

7. An object is located 5 cm. froma mir- 
ror whose focal length is 15 cm. Find the 
location of the image. 

8. The focal length of a concave mirror 
is 15 in. How much larger will your face 
appear to be if you look into this mirror 


a 


from a distance of 8 inches away from it? 

9. An object and its image in a concave 
mirror are the same size when the object is 
12 em. from the mirror. What is the focal 
length of the mirror? 

10. If each of the two plane mirrors ina 
periscope reflects only 70% of the light 
incident upon them, what percentage of 
the light incident upon the first mirror will 
be reflected from the second one to your 
eye? 
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Unit Eight 


Chapter 18 a 


Light — Refraction 


1. Refraction of Light ———<$ _$__ 


435. What is refraction? When we 
fire a rifle at a target, we make use of 
the fact that light travels in straight 
lines. If, however, we should try to 
shoot a fish bencath the surface of the 
water, we would be likely to miss. 
Light travels in straight lines only 
when the medium through which it 
travels is of the same oplical densily 
throughout. Light rays are beni out of 
their course as they pass from water to 
air, or from air to water. Such bending 
of light rays as they pass from one 
medium into another of different density 
is called refraction. Because of refrac- 
tion, fish appear to be higher in the 
water than they really are, thus mak- 
ing it difficult to shoot or to spear 
them. (See Fig. 465.) 

Eye Eye 


In air, light travels 
in straight lines. 
Coin is hidden 

behind edge 


Light is bent in 
passing from 
water to air and 
coin becomes 

visible 


Fig. 465. Observe how the light is bent and 
the coin becomes visible. 


If we look down into a tall glass 
cylinder filled with clear water and 
place a finger on the side of the cylin- 
der where the bottom appears to be, 
we shall find that the water is really 
deeper than it seems. In fact, you will 
probably find that you have placed 
your finger opposite a spot that is only 
three-fourths of the way to the bottom. 
Water is always deeper than it appears 
as we look down into it. When we step 
in the water on an uneven sidewalk or 
in the gutter, we find that it may come 
above our rubbers, although it seemed 
shallower. 

A stick or a teaspoon placed in a 
tumbler of water appears to be bent 
or broken at the surface. Suppose we 
let MN of Fig. 466 represent the sur- 
face of a body of water. AO represents 
the path of a ray of light traveling 
through the air and falling upon the 
water at 0. Instead of continuing along 
OF in a straight line, the ray of light 
is bent as it passes from air into water. 
It takes the path OB. The incident 
ray AO makes the angle AOC with 
the normal; it is called the angle of 
incidence. The refracted ray OB makes 
the angle DOB with the normal pro- 
duced; it is called the angle of refrac- 


Vocabulary =m 


BınocuLar, employing both eyes at once. 

Rerracrion, the bending of rays of light 
which pass obliquely from one medium into 
another of different optical density. 


CONVERGING RAYS, rays which come together 
to meet at a point. 

Diverarne nays, rays which separate as they 
leave from a point, 
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tion. The angle BOF is called the angle 
of deviation. The pupil should remem- 
ber that a ray of light passing obliquely 
from one medium into another of dif- 
ferent oplical density is refracted. If the 
ray of light is incident upon the other 
medium at right angles, or along the 
normal, it is not refracted al all. 

436. What causes refraction? Sup- 
pose that we have five men marching 
abreast over a hard road. (See Fig. 
467.) Their line of march, AB, carries 
them over a strip of marshy ground 
where their speed is retarded. The man 
at R enters the marsh land first and is 
the first to be retarded. Since the others 
continue at the same speed as before, 
the line of march now takes the direc- 
tion BC. In the marshy ground all are 
equally retarded until the man R 
reaches harder ground and his speed 
increases. The line of march now takes 
the direction CD. The student will ob- 
serve that as the speed decreases the 
line bends toward the perpendicular. 
An increase of speed on entering a new 
medium causes the line to bend away 
from the normal. It is evident that if 
the line of march were along the per- 
pendicular, all would enter the marshy 
ground at once; they would therefore 


Fig. 466. Light is refracted as it travels from 
air into water. 


all be retarded at the same time and 
the line of march would not be bent. 
A dumbbell rolled across the floor will 
travel in a straight line, unless one of 
the balls is retarded more than the 
other; then it will be turned out of its 
course. If the right front wheel of an 
automobile which is going in a straight 
line enters a strip of soft ground, the 
wheels will turn, and the car will 
swerve to the right since the right 
front wheel is retarded. 

Light travels more slowly in water 
than it does in air. Now we may pic- 
ture a ray of light as having some 
thickness. Hence the edge of the ray 
which is first incident upon the water 
is the first to be retarded, and the ray 
is bent out of its course. Of course such 
bending will occur when the light en- 
ters any medium of greater optical 
density, in which the speed is retarded. 
The bending will occur in the opposite 
direction if the speed in the new 
medium is accelerated. Light rays in- 
cident upon the medium at an angle 
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Fig. 467. The cause of refraction. 
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of 90° are all retarded or accelerated 
equally. Hence there is no bending. 
437. What is the index of refrac- 
tion? Fizeau and Foucault, two French 
physicists, were the first to make direct 
measurements of the velocity of light 
in air. In 1850, Foucault proved that 
light travels faster in air than it does 
in water. The speed of light in water 
is almost 140,000 miles per second, 
just 2 as fast as in air. The speed of 
light in ordinary glass is about 124,000 
miles per second, only about % the 
velocity of light in air. The ratio of the 
speed of light in air to ils speed in an- 
other substance is called the index of 
refraction for that substance. For ex- 
ample, the index of refraction for glass 
speed in air 
speed in glass 


glass is 3, or 1.5. Since the speed of 
light in water is only three-fourths as 
great as in air, the index of refraction 
of water is $, or 1.333. The index of 
refraction of a few common substances 
is given in Table 14, Appendix B. 

_ *The index of refraction may also be 
defined as the ratio of the sine of the 
angle of incidence to the sine of the 
angle of refraction. Let us refer to 
Fig. 468. In the right triangle A BC, 
the sine of the angle BAC is defined 
as the ratio of the length of the side a, 
opposite the angle BAC, to the hy- 


- The value for 


As 


Fig, 468. The sine of an angle is the ratio 
of the side opposite the angle to the hypotenuse, 
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potenuse, c. Enlarging the triangle 

without changing the size of the angie 

BAC does not affect this ratio, since 
, 

the quotient of F exactly equals that 

of 5 A. table of sines for the angles 


from 0 to 90° is given in Appendix B. 
In Fig. 469, the line AO represents a 
ray of light traveling through the air 
and incident upon a glass plate at 0. 
This ray is refracted as it enters the 
glass and moves along the path OB. 
To find the index of refraction, we first 
draw the normals OP and OP’. The 
index of refraction between the air and 
the glass is equal to the sine of the 
angle AOP, the angle of incidence, 
divided by the sine of the angle BOP’, 
which is the angle of refraction. 

438. How can the index of refrac- 
tion be useful? The index of refrac- 
tion of pure transparent substances is a 
constant quantity. Hence we can iden- 
tify substances by measuring their 
index of refraction, and we can also 
check their purity. An instrument 
called a refractometer has been so con- 
structed that the index of refraction 
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Fig. 469. How to measure index of refraction. 
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can be measured quickly and accur- 
ately. For example, butter fat and oleo- 
margarine have different indexes of re- 
fraction. One of the first tests made in 
a food-testing laboratory to determine 
whether butter has been adulterated 
with oleomargarine is the measurement 
of the index of refraction. The exceed- 
ingly high index of refraction of the 
diamond furnishes one of the most 
positive tests for its identification. The 
diamond has an index of refraction of 
almost 2.5, while the best imitations 
have a refractive index of only about 2. 

439. What are the laws of refrac- 
tion? Some of the facts which we have 
learned in the preceding sections may 
be summarized as the LAWS OF REFRAC- 
rion. We observed that the speed is 
reduced when light passes from a rarer 
to a denser medium and that the speed 
is increased as it passes from a denser 
to a rarer medium. 

Law 1. When a ray of light passes 
obliquely from a medium of lesser to one 
of greater optical density, it is bent 
toward the normal. (A decrease in 
speed.) Conversely, a ray of light pass- 
ing obliquely from a denser to a rarer 
medium is bent from the perpendicular 
to the surface. (An increase in speed.) 

Law 2. The angles of incidence and 
refraction lie in the same plane. 

Law 3. The index of refraction for 
any two media is constant, no malter 
what the angle of incidence. 

x440. How can one trace a ray of 
light through a glass plate? If we 
know the index of refraction, it is possi- 
ble to show the path that a ray of light 
takes as it passes through another me- 
dium, In Fig. 470, we may let MNTP 
represent a piece of plate glass and AO 
a ray of light incident upon the plate. 
From O as a center, let us describe two 
arcs having the ratios 3 and 2, the in- 


dex of refraction of glass. Draw the 
normal OR and the line BC parallel to 
it, passing through the point where the 
incident ray intersects the smaller arc. 
The line OD which is determined by 
the points C and O marks the path 
taken by the refracted ray as it travels 
through the glass. 

If the ray were not refracted as it 
leaves the glass, it would pass along the 
line DS. To show how it is refracted, 
from D asa center we draw arcs having 
the same ratio as before. Draw the 
normal DE, and a line zy parallel to 
the normal. This time we draw the 
parallel line through the point where 
the larger arc is intersected by the re- 
fracted ray produced. The line Da 
shows the path which the refracted ray 
takes as it leaves the glass. 

If the ray of light AO is incident 
upon a triangular glass prism, as shown 
in Fig. 471, it is bent toward the per- 
pendicular, and travels along the line 
OB. As the light leaves the prism, it is 
refracted from the perpendicular along 
the line BC. 


T 


Ray is refracted 

as it enters and 

as it leaves the 

glass plate 
| 
GY VE 

Fig. 470, How to trace a ray of light through 
a glass plate. 
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Incident Refracted 
ray ray 


Fig. 471. The path that a ray of light takes 
as it passes through a prism. 

441. What is atmospheric refrac- 
tion? Light travels somewhat faster 
in a vacuum than it does in air. As the 
light approaches us from the sun or the 
stars, it will be refracted as it enters the 
earth’s atmosphere. But since the light 
enters an atmosphere that gradually 
grows denser and denser, a ray of light 
coming from the sun or some other 
celestial body follows a path similar to 
the curve shown in Fig. 472. The re- 
fraction is gradual, instead of one dis- 
tinct bend at the inter-surface of the 
two media. 

On account of atmospheric refrac- 
tion, we do not see the sun or stars in 
their true positions except when they 
are directly overhead at the zenith. We 
see the sun in its true position at noon- 
time, if its rays are vertical. In the 
figure, we see the setting sun at S’, in- 
stead of in its true position at S. The 
refraction of light by our atmosphere 
makes the sun at this time appear 
about one diameter higher than it 
really is: Since the index of refraction 
from outer space to air is only 1.00029, 
naturally the diagram must be greatly 
exaggerated to show on so small a scale 
any bending at all. 

442. What is meant by the term 
“critical angle”? A ray of light pass- 


Ss’ ive 
Sun appears C) : 
to be here~ Atmosphere 
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Suh here 


Fig. 472. The air refracts light passing obliquely 
through it. 
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ing from a denser to a rarer medium is 
bent from the perpendicular. In Fig. 
473, suppose we have the incident ray 
AO, traveling from water to air and 
bent from the perpendicular along the 
line OB. Let us inquire what will hap- 
pen to the refracted ray if we increase 
the angle of incidence AOC. Of course 
the angle of refraction will be greater 
than before, because the refracted ray 
is bent farther from the perpendicular. 
If we continue to increase the angle of 
incidence, a point is finally reached 
where the refracted ray does not enler 
the air at all but takes the path ON, 
coincident with the water surface, and 
making the angle of refraction 90°. That 
particular angle of incidence at which 
the ray when refracted makes an angle of 
90° with the normal is called the critical 
angle. The critical angle for water oc- 
curs when the incident ray DO makes 
an angle of 48.5° with the normal. The 
critical angle for crown glass is 42°, and 
for the diamond it is only 24°. 

443. What is total reflection? Of 
course it is possible to increase the 
angle of incidence of a ray passing from 
water to air beyond the critical angle. 
What will happen, then, to the re- 
fracted ray? It will not enter the air at 
all, but it will be ¢olally reflected from 
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Fig. 473, What is the critical angle? 
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the water surface. In Fig. 474, we have 
represented a ray of light traveling 
along the path EO, making the angle 
of incidence EOC greater than the criti- 
cal angle. The ray of light is turned 
back into the water medium along the 
line OF’. Of course in this case the 
angle of reflection equals the angle of 
incidence. Total reflection always occurs 
when the angle of incidence eaceeds the 
critical angle. 

444, How can total reflection be 
made useful? In the diamond, for ex- 
ample, where the critical angle is only 
24°, much of the light entering the di- 
amond is totally reflected. This makes 
it the most brilliant gem known. It is 
set in platinum, too, a good reflector, 
to help enhance its brilliancy. By add- 
ing lead to glass during its manufac- 
ture, its index of refraction is increased 
decidedly. Cut-glass dishes and bril- 
liants are made from such glass. By in- 
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Fig. 474, Total reflection occurs when the 
critical angle is exceeded. 
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creasing the index of refraction, we 
increase total reflection. 

When a ray of light enters a right- 
angle glass prism like that shown in 
Fig. 475, it is totally reflected. The 
periscope of a submarine has two such 
prisms. The observer at D sees objects 
along the line AB. The light rays are 
reflected down the tube by the first 
prism, and then reflected at right angles 
by the second prism. The right-angle 
prisms are much more effective than 
two mirrors would be if set in the same 
position, because a mirror reflects only 
about 70% of the light it receives. 

In high-grade field glasses, right- 
angle prisms are used to give a wider 
range of vision. Sometimes they are 
used to reinvert an image and make 
an inverted image erect. Right-angle 
prisms are also used in reflecting tele- 
scopes and for the range finders on 
battleships. 


A 
Right angle prism 


occurs 


1 
I 
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Fig. 475. Total reflection is used in the prisms 
of a periscope. 


9. Lenses and Images 


445, What is a lens? A portion of 
any transparent substance can be used 
as a lens. It must be bounded by two 
non-parallel curved surfaces, Or by one 


plane surface and one curved. Lenses 
are nearly always made of glass. They 
are of two kinds: 


1. Converging. Lenses of this type 
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--Double 
convex 


„--Plano- --Concavo: 
convex convex 
C 


A B 


Fig. 476. Converging lenses are thicker at 
the center. A. Double convex. B. Plano- 
convex, C. Concavo-convex, 


are shown in Fig. 476. They are always 
thicker in the middle than they are at 
the edges. Such lenses tend to bend 
rays of light so that they will converge 
and form a real focus. The lenses of 
A and B of the figure are called flat 
lenses; C shows a meniscus lens. 

2. Diverging. When a lens is thicker 
at the edges than it is in the middle, 
it tends to make rays of light more di- 
vergent. The double concave lens and 
the plano-concave lens of Fig. 477 are 
flal lenses. The convexo-concave lens 
is a meniscus lens. 

_ 446. How do lenses affect light? 
A ray of light incident upon the center 
of a lens passes through it without 
being refracted at all. It is bent out of 
its course if it passes through any other 
part of the lens. In Fig. 478, the ray 
AD, parallel to the principal axis, is 
bent at D toward the normal as it 
enters the lens; at Æ it is bent from the 
normal as it leaves the lens. Parallel 
rays of light are so refracted by converg- 
ing lenses that they meet at a point called 


--Double 
concave 


---Plano- 
concave 


--Convexo- 
concave 


B Cc 


Fig. 477. Diverging lenses are thicker at the 
edges. A. Double concave. B. Plano-con- 
cave. C. Convexo-concave, 
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Fig. 478. How converging lenses focus parallel 
rays. Case 1. 


the principal focus. If converging rays 
of light fall upon such a lens, they are 
made more converging and are brought 
to a focus at a point nearer the lens 
than the principal focus. Diverging 
rays incident upon such a lens are made 
less divergent. Very divergent rays can- 
not be brought to a real focus, but 
slightly divergent rays may be brought 
to a focus at some point beyond the 
principal focus. 

From Fig. 479 we see that diverging 
lenses tend to scatter rays of light. 
Parallel rays are made divergent; they 
appear to meet to form a virtual focus, 
as shown by the dotted lines. Converg- 
ing rays are made less convergent by 
such lenses, and diverging rays are 
made still more divergent. 

447. Definition of terms is neces- 
sary. Before we can study the forma- 
tion of images by lenses, we must learn 
several definitions. In many lenses, 
there are two centers of curvature, cc’. 
(See Fig. 480.) In this case they are the 
centers of the intersecting spheres that 
form the lens. The principal axis passes 
through the centers of curvature. The 


Fig. 479. How diverging lenses focus parallel 
rays. 
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ray of light AB is refracted and passes 
through the principal focus F. In 
lenses the secondary axes pass through 
the optical center of the lens; the optical 
center O practically coincides with the 
geometrical center of the lens. The ray 
AOA’ is an example of a secondary 
axis drawn from A. Rays of light pass- 
ing through the optical center are not 
refracted. 

Similar to curved mirrors, lenses re- 
fract parallel rays so that they meet at 
the principal focus, but this focus is not 
midway between the lens and the center 
of curvature. Its position on the princi- 
pal axis will depend upon the index of 
refraction of the lens. With a double 
convex lens of crown glass, the princi- 
pal focus and the center of curvature 
are almost coincident. With such a 
lens, the radius of curvature and the 
principal focal length are almost equal. 
Increasing the index of refraction 
shortens the focal length. The thicker 
the lens, the shorter the focal length, 
but in this case the radius of curvature 
is also reduced. 

448. How do lenses form images? 
By a study of Fig. 480, we may learn 
how images are formed by lenses. cc’ 
represent the centers of curvature of 
the lens L. We wish to show how the 
image of the point A is formed. Here 
again it will be necessary to use two 
rays coming from A and see how they 
are focused by the lens. For one ray 
of light we may choose the secondary 
axis, since it is not refracted as it 
passes directly through the optical 


Fig. 480, Terms pertaining to lenses. 
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center, 0. For the other ray we may 
select A B, parallel to the principal axis. 
At B this ray is refracted, being bent 
again as it leaves the lens at D, and 
passes through the principal focus, F, 
which is coincident with C’. Thus we 
locate the image of A at A’ where the 
ray refracted through the principal 
focus meets the secondary axis, AA’. 

The student must keep in mind sev- 
eral differences between lenses and mir- 
rors. 

1. Secondary axes pass through the 
optical centers of lenses, not through 
the centers of curvature. 

2. The principal focus is at or near 
the center of curvature; this makes the 
focal length practically equal to the 
radius, whereas in mirrors it is equal to 
half the radius. 

3. Since the image is formed by rays 
of light that pass through the lens, a 
real image is formed on the side of the 
lens opposite the object, just the re- 
verse from mirrors. Virtual images 
formed by lenses appear to be on the 
same side of the lens as the object. 

4. Convex lenses form images in al- 
most the same manner as concave mir- 
rors; concave lenses are like convex 
mirrors in the manner in which they 
form images. 

449. How are images formed by 
convex lenses? Here, too, we may con- 
sider six different cases, assuming that 
an object is brought toward the lens 
from an infinite distance by several 
successive steps. 

Case 1. Object at infinite distance. 
We have all used a burning glass to 
focus the sun’s heat rays upon a point. 
Light rays focus in the same manner. 
While the sun is not at an infinite 
distance, yet it is so far away that iis 
rays are nearly parallel. When the ob- 
ject is at an infinite distance so that its 


A Lens, 
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reduced in size 


more than twice 
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Fig. 481. Object at a finite distance. image 
reduced in size. Case 2. 


rays are parallel, the image formed is a 
point at the principal focus. This case 
has no practical value for image forma- 
tion. It may be used to find the focal 
length of a lens. When the sun’s rays 
are focused on a white screen, the 
distance from the screen to the lens is 
the focal length of the lens. 

Case 2. Object distant from lens more 
than twice focal length. Look at Fig. 481. 
The secondary axes are drawn from A 
and from B. They are not refracted. 
Rays parallel to the principal axis are 
also drawn from A and from B. They 
are refracted and pass through the prin- 
cipal focus, meeting the secondary axes 
at A’ and B’ to form the image A’ B’. 
In this case, we find that the image is 
real, inverted, smaller than the object, 
and distant from the lens more than once 
and less than twice the focal length. The 
lenses of the eye, the camera, and the 
telescope, where small, bright, well- 
defined images are needed, are all ap- 
plications of this case. 

Case 3. Object distant twice focal 
length. Just as we constructed the image 
of Fig. 480, so we may construct the 
image for this case. From Fig. 482 we 
see that the image is real, inverted, the 


Fig. 482. Object is distant twice the focal 
length. Image same size. Case 3. 


PA 
Image enlarged” A 


Fig. 483. Object between F and 2F. Image 
enlarged. Case 4. 


same size as the object, and at a distance 
from the lens equal to twice the focal 
length. If we have an inverted image 
and wish to turn it upside down with- 
out changing its size, this case is appli- 
cable. It is used in the field telescope. 

Case 4. Object distant more than once 
and less than twice the focal length. This 
case is the converse of Case 2. From 
Fig. 483 we see that the image is real, 
inverted, enlarged, and distant more than 
twice the focal length of the lens. The 
compound microscope, the optical lan- 
tern, and the motion picture projector 
are all applications where a lens is used 
as in this case. 

Case 5. Object at principal focus. This 
case is the converse of Case 1. If the 
pupil draws a diagram, he will find that 
the rays of light are parallel as they 
leave the lens. No image is formed. If 
a lamp is placed at the principal focus 
of a lens, as shown in Fig. 484, its rays 
leave the lens as a beam of light. The 
lighthouse and the searchlight are ap- 
plications of its use. 

Case 6. Object distant from lens less 
than one focal length. Look at Fig. 485. 


Rays are parallel 


Fig. 484. When object is at F, emergent rays 
are parallel, Case 5. 
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We see that the rays are divergent as 
they leave the lens. No real image can 
be formed. If the eye is placed. close 
to the lens, a virtual, erect, enlarged 
image can be seen on the same side of 
the lens as the object. This image can 
never be thrown upon a screen. The 
simple magnifier, and the eyepieces of 
microscopes and telescopes all make 
use of this method of forming images. 

450. How do concave lenses form 
images? Concave lenses tend to scat- 
ter light rays. The only kind of an im- 
age that can be formed by a concave 
lens is virtual, erect, and reduced in size. 
Such lenses are used to neutralize the 
effect of a convex lens, or to reduce to 
some extent the converging effect of 
convex lenses. 

451. What is spherical aberra- 
tion? When we use a camera on a 
bright day we nearly close the dia- 
phragm so that light can pass through 
the central part of the lens only. This, 
gives an image that is well-defined. On 
a darker day we open the diaphragm 
more to let in more light. The image is 
not so distinct and clear-cut, since the 
rays of light that pass through a lens 
near the edge do not meet quite at the 
principal focus. Spherical aberration 
is a defect of lenses just as it is of 
spherical mirrors. (See Fig. 486.) 

The diaphragm is used to remedy the 
defect of spherical aberration in lenses. 


Fig. 485, Object between F and the lens. 
Image enlarged. Case 6. 


Tt does not correct the defect, but 
merely masks out the rays of light 
which are not properly refracted. In 
the camera the diaphragm is adjusta- 
ble. In other optical instruments, such 
as the telescope and the microscope, 
the diaphragms are fixed. 

452. How can we find the relative 
sizes of image and object? We may 
use the same formula to find the rela- 
tive sizes of object and image with 
respect to their distances from a lens 
that we did for curved mirrors. The 
letters So and S; in the following for- 
mula represent the sizes of object and 
image, while Do and D; represent the 
distances respectively of object and 
image from the optical center of the 
lens. 

So: Si = Do: Di. 

453. How are distance of object 
and image related to focal length? 
We may use the same formula that we 
used with curved mirrors when we wish 
to find the distances of the object and 
image from a lens in relation to its 
focal length. If we use Do to represent 
the distance of the object from the lens, 
Dj to represent the distance of the 
image from the lens, and F to represent 
the focal length of the lens, then we 
have the following formula: 

ine 
Dre E 

When the image is virtual, Di 

is negative. For concave lenses, both 


a and Š are negative. 


D; 


Parallel rays 


Rays are not 
all refracted to 
principal focus 


Fig. 486. Spherical lenses produce aberration. 
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Summary 


Refraction is the bending of a ray of light out of its course as it passes 
obliquely from one medium into another of different optical density. 
When passing into a more highly refractive medium, it is bent toward 
the perpendicular, and conversely. 

The index of refraction of any substance is the ratio of the speed of 
light in air to its speed in that substance. 

That especial angle of incidence at which the refracted ray is perpen- 
dicular to the normal is called the critical angle. Total reflection occurs 
when the angle of incidence exceeds the critical angle. 

In the manner in which they form images, convex lenses are analogous 
to concave mirrors; concave lenses are analogous to convex mirrors. 

Spherical aberration, which occurs in lenses as well as in mirrors, may 
be remedied by the use of a diaphragm. 

The formulas used for finding relative sizes of object and image in 
terms of their relative distances from mirrors may also be used for lenses. 


it 1 1 
The formula, Do + D; = p may also be used as a lens formula. 


How many of the following terms and phrases can you define or explain? 


Refraction How lenses form images Kinds of lenses 

Index of refraction Causes of refraction Relative distances of object 
Critical angle Laws of refraction and image from lens 
Atmospheric refraction Total reflection’ Meniscus lenses 


QUESTIONS 


1. A student uses the image of a distant 
hill rather than that of the sun to determine 
the focal length of a double convex lens, 
Will the focal length he secures be too 
small or too large? 

2. When using a lens as a magnifying 
glass, what is the relationship between the 
distance of the lens from the object and the 
focal length of the lens? 

3. How does closing the diaphragm of a 
camera affect the speed of the lens? How 
does closing the diaphragm affect the dis- 
tinctness of the image? 

4. When you look down into a swim- 
ming pool from a diving board, does the 


pool look as deep as it really is? Why? 

5. Does the sun appear to be in its true 
position with respect to the horizon at 
sunrise and sunset? What causes this 
effect? 

6. You are looking diagonally down 
into a spherical-shaped fish bowl. To the 
fish, does your head appear higher or lower 
than it actually is? 

7. Objects are practically invisible when 
immersed in a liquid which has the same 
index of refraction. What liquid would you 
use to distinguish between real diamonds, 
and paste diamonds which are made of 
flint glass? 


PROBLEMS 


Group A 


1. The speed of light through kerosene 
is 128,300 miles per second. What is its 
refractive index? 


2. At what rate does light travel through 
alcohol which has a refractive index of 1.36? 
3. What is the speed of light through 


a 


, B.) 
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carbon disulfide? (See Table 14, Appendix 


Ge An object is located 12 in. from a con- 


’ vex lens of 5 in. focal length. How far from 


the lens will the image be formed? 

5. A small electric lamp 2.5 cm. in di- 
ameter is placed 25 cm. from a 15 cm. focal 
length convex lens. What is the size of the 
image produced by the Jens and where is it 
located? 
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6. A candle 15 cm. tall is placed 30 cm. 
from a convex lens of 10 cm. focal length. 
How large is the image, and how far from 
the lens will it be formed? Is it real or 
virtual? 

7. A photographic enlarger produces a 
6 in. by 9 in. image of a 1 in. by 14 in. 
negative when the negative is placed 2 in. 
from the convex lens of the enlarger. What 
is the focal length? 


Group B 


8. A box camera has a lens of 8 in. focal 
length. The distance from the lens to the 
photographic film in the camera is 8.15 in. 
Why may such a “‘fixed focus” camera be 
used to take clear pictures even though the 
object may be from 20 to 150 feet away? 


. (Hint: Compute D; in each case, and then 


\decide.) 

9. Using a scale of 4 in, equals 1 foot, 
show how a convex lens of 24 in. focal 
length produces an image of an object 12 in. 
high placed 30 in. from the lens. By measur- 
ing your drawing, find the size of the image 


and its distance from the lens. Check the 
accuracy of your work by a calculation. 

10. Draw a diagram, as in Problem 9, to 
show the formation of the image when the 
object is only 18 in. from the lens. Compare 
the size of the image in your drawing with 
that found by calculation. 

11. If the angles of incidence and re- 
fraction of a ray of light passing from air 
into glass are 37° and 24° respectively, 
what is the index of refraction of the glass? 

12. Calculate the „critical angle for 
alcohol. ARA 


P e 


Unit Eight 
Chapter 19 


ight = Optical Instruments 


454. We use many optical instru- 
_ ments. As you read this page, you are 
using the best of optical instruments, 
the eyes themselves. To enable the eye 
to gather more light and see at greater 
distances, we make use of telescopes. 
To help us to examine more carefully 
tiny objects, we use the microscope to 
make them appear larger. For our edi- 
fication or amusement, we use a slide- 
film or a motion picture projector 
to throw enlarged pictures on a screen. 
For reflectors in house lighting we use 
mirrors, and we use mirrors and lenses 
for headlights. For spectacles needed 
to aid the eyes, we use lenses of different 
kinds as optical instruments. Many op- 
tical instruments have a combination of 
lenses. In describing optical instru- 
ments in this chapter, we shall use a 
single lens for the sake of simplicity, 
and only a few rays of light will be 
shown in some of the drawings. 

455. What is the structure of the 
human eye? In many respects the eye 
is the most perfect optical instrument. 
Let us examine Fig. 487 to learn some- 
thing of its structure. There are several 
parts. 

1. The white coat. This outer coat of 
the eyeball is hard and tough. It pre- 
serves the shape of the eyeball and pro- 
tects the eye from injury. 


Vocabulary 


ÅNASTIGMAT, a lens combination which is cor- 
rected for astigmatism. 

ANNULAR, ring-shaped. 

D1apuracm, an annular disc used to keep rays 
of light from passing through the edges of 
a lens. 


2. The middle coat. This coating of 
the eye contains a black pigment. Its 
purpose is to absorb stray rays of light 
and prevent the blurring of the image 
by reflection from the walls. It is of 
interest to note that the interiors of 
nearly all optical instruments are 
painted black. 

3. The inner coat. The retina, or in- 
ner coat of the eye, covers the back 
portion of the eyeball only. The nerves 
of the eye are spread out upon the 
retina, forming a sensitive screen to re- 
ceive the image. 

4. The crystalline lens. This double 
convex lens finds use in forming upon 
the retina a real image of the object at 
which one is looking. 

5. The iris. The colored portion of 
the eye is called the iris. It serves as a 
diaphragm to cut off the rays of light 
from the edge of the lens. A hole in the 

White coat. 


Cornea 
j 
/ 


aris 


-= -Pupil 


Fig. 487. The structure of the eye. 


Meniscus, crescent-shaped. 

PHOTO-ELECTRIC CELL, a tube in which light 
waves of varying intensity will cause a 
variation of the electric current. 

CamouracE, a method of deceiving the eye. 
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center of the iris is called the pupil. 
In a dark room the pupil becomes 
larger to admit more light, as shown at 
the right of Fig. 488. In bright sun- 
light, it contracts until it is about the 
size of a pinhead. (See Fig. 488.) The 
eye is filled with watery or jelly-like 
humors which aid in the formation of 
images. The eyelids act as a shutter to 
screen out the light. 

456. How does the eye form im- 
ages? Of course, the object is distant 
from the lens of the eye more than 
twice its focal length. Hence the lens 
forms upon the retina a real, inverted, 
small image. It is bright and well-de- 
fined or clear-cut. (See Fig. 489.) The 
lens of the eye has considerable power 
of accommodation. It is supported by a 
muscle which can make it more rounded 
when necessary. Increasing the con- 
vexity of the lens in such manner 
shortens its focal length. Hence the eye 
is self-focusing. If an object is brought 
close to the eye, the muscle contracts, 
and the increased convexity of the lens 
makes it possible for the eye to see 
nearby objects clearly. In the normal 
eye, the lens can be made convex 


Fig. 489. How the lens of the eye forms images. 
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Fig. 488. The pupil at the left is contracted in strong light. At the right, the pupil in subdued light 
is expanded. 


enough to enable one to see clearly 
objects as close as 10 in., or 25 cm. 
This distance is known as the nearest 
distance for distinct vision. 

When one reads for a long time, the 
muscle which keeps the lens properly 
focused becomes tired. When the 
muscle relaxes, the lens becomes flatter 
and more distant objects come into 
focus. After one has been reading a 
long time, he may rest his eyes by look- 
ing at a distant landscape. 

457. How are defects of the eye 
corrected? We have seen that the 
normal eye is “ self-focusing,”’ since the 
muscles in the eye are able to change 
the shape of the crystalline lens enough 
to make the image fall upon the retina, 
whether the object is nearby or re- 
mote. Some persons are nearsighted. 
Either the eyeball is too elongated, or 
the lens is so convex that the image is 
formed in front of the retina. Only 
when the object is brought very close 
to the eye, so that its rays are diverging 
when they reach the lens, will such an 
eye give distinct vision. (See Fig. 490.) 

The defect called nearsightedness 


-Lens partially 
neutralizes 
lens of eye 


Fig. 490. Nearsightedness iz remedied by the 
use of concave glasses. : A 
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can be corrected by wearing glasses 
which partially neutralize the abnor- 
mal convexity of the lens of the eye. 
Such glasses have concave lenses which 
make the rays of light more divergent 
before they enter the eye. Many chil- 
dren who are slightly nearsighted are 
likely to have normal eyes when they 
reach maturity. 

If the eyeball is too short, or if the 
lens is too flat, farsightedness will re- 
sult. In order to have the lens form the 
image on the retina instead of behind 
it, the object must be held at consider- 
able distance. It is not uncommon to 
see a middle-aged person holding a 
paper at arm’s length when reading. 
The lens in his eye has lost to some 
extent the power of accommodation. 
(See Fig. 491.) 

In order to correct farsightedness, 
glasses with convex lenses are worn. 
Such glasses make the light rays more 
convergent before they enter the eye 
and then the lens of the eye forms the 
image upon the retina. Glasses with 
double lenses, called bi-focals, are some- 
times used to enable a person to read 
with one set of lenses and to see more 
remote objects clearly with the other 
set. 

Tf the surface of the cornea, which is 
the somewhat bulging front portion of 
the eyeball, is not perfectly curved, or 
if the lens itself is somewhat irregular, 
then all parts of an object will not be 
in focus at the same time. To such an 
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Fig. 491. Farsightedness is remedied by the 
use of convex glasses. 
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eye, the lines of Fig. 492 do not all 
appear equally distinct at one time. 
Some of the lines are in focus, but the 
others form a blurred image. This de- 
fect in vision is known as astigmatism. 
To correct the defect, glasses which 
have especially ground lenses to coun- 
teract these irregularities must be worn, 

458. Why are meniscus lenses 
used? If the flat lenses of Figs. 476 and 
477 are used in eyeglasses, the wearer 
does not get a clear image unless he 
looks through the center of the lens. 
Thus he is forced to turn his head from 
side to side, or up and down, in order 
to see objects clearly. The letters in the 
center of Fig. 493 are in focus with 
such a lens, but those around the outer 
edges are not. There is still another ob- 
jection to the flat lens. Its center is 
nearer the eye than its edges. (See 
Fig. 494.) Unless the glasses are set 
farther from the eye than they should 
be the eyelashes will brush against the 
glass, and cause annoyance. 

The lenses C of Figs. 476 and 477 
are both meniscus lenses. With lenses 
of this type in his glasses, the wearer 
has a fairly wide range of vision with- 
out the necessity of turning his head to 
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Do all the lines appear equally distinct? 


Fig. 492. The lines are not all equally distinct 
if the eye has astigmatism, 
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see clearly. (See Fig. 495.) The menis- 
cus lens of Fig. 494 conforms to the 
shape of the eyeball much better than 
the flat lens in the same figure. 

459. How do we judge size? We 
all know that a man at a distance of a 
quarter of a mile appears so small that 
one may mistake him for a boy. A half 
dollar held an arm’s length distant 
seems as large as the sun at its distance 
of over 92,000,000 miles. If we study 
Fig. 496, we see that the image of AB 
that is formed on the retina is larger 
than the image formed by A'B’. Both 
have the same length, but A’ B’ is twice 
as far away. The visual angle ACB is 
larger than the angle A’CB’. Hence 
AB appears larger than A'B'. When 
one knows the distance, he can estimate 
the size of an object. Much experience 
is needed before a person can estimate 
size and distance. A baby reaches for 
Meniscus 
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Fig. 494, How flat lenses differ from meniscus 
lenses, 
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Fig. 495. A meniscus lens gives a fairly 
distinct image, even from an angle. 


the moon and cries because he cannot 
get it. Later he learns to estimate dis- 
tance by means of intervening objects. 
When the moon is rising or setting, in- 
tervening objects enable him to judge 
more accurately its size and distance. 

460. How do we estimate dis- 
tance? In the preceding section, we 
found that one learns to judge the size 
of an object from the size of the visual 
angle. The result, however, depends 
upon a knowledge of the distance, too. 
Conversely, if one knows the size of an 
object, he can estimate distance. To 
show that the method of estimating 
distance by the size of the visual angle 
is not very accurate, one may try the 
following: Close one eye and try to 
stick a pin in the center of a letter O 
placed in the center of a blank sheet of 
paper held at arm’s length. You will 
probably miss the center by a quarter 


angie 


Small image 
Fig. 496. Apparent size of an object depends 
upon its distance. 
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inch or more. If you repeat the experi- 
ment with both eyes open, you will 
probably hit the center almost exactly. 
Another experiment may be tried to 
show the importance of binocular vi- 
sion. If the teacher stands in front of a 
blackboard in the front part of the 
schoolroom and extends his arm, a pu- 
pil directly in front of him, but in the 
back part of the room, cannot judge 
how far the teacher’s hand is from the 
blackboard, provided he keeps one eye 
closed. With both eyes open, he can 
judge fairly accurately. In binocular 
vision, we see a little more of the right 
side of a three-dimensional object with 
our right eye, and a little more of the 
left side with our left eye. Thus we get 
depth of vision or perspective. 

From Fig. 497, we see that the eyes 
are rolled inward to some extent when 
we focus both eyes upon the point D. 
A certain amount of muscular effort is 
used in such a case. By experience we 
learn to estimate the distance CD by 
the angles CAD and CBD. The dis- 
tance between the eyes is the base line 

- from which we learn to estimate dis- 
tance by the amount of muscular effort 
needed to roll the eyes inward until 
both are focused on the object. To be 
a good automobile driver, one must be 
able to judge distances well. If you have 
three one-inch cubes placed upon a 
table, you should be able to tell if one 
of them is only an inch farther from 
you when you are some 18 or 20 ft. 
distant. 

Battleships find the range at sea by 
using for the base line a tube 12 to 15 ft. 
long. At each end of the tube there is a 
total reflecting prism. These prisms are 
focused upon the distant object, and 
the angles they make with the base line 
are carefully measured. Then the dis- 
tance, which corresponds to the alti- 
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tude of the triangle, is computed by 
trigonometry. Such range finders are 
generally calibrated to read distances 
directly. 

461. The camera is modeled after 
the eye. The pinhole camera, Section 
422, or the camera obscura, is said to 
have been invented by Roger Bacon. 
Tt was described in the early part of the 
sixteenth century by Leonardo da 
Vinci when he told how images of out- 
side objects are formed in darkened 
rooms by a small circular hole in the 
shutter. About the middle of the same 
century Cardan improved the camera 
obscura by placing a double convex 
lens in the opening. 

Tf we compare Fig. 498 with the dia- 
gram of the eye, we find that the photo- 
graphic camera is modeled after the 
eye. The sensitive screen corresponds 
to the retina and receives the image. 
The lens or combination of lenses acts 
like the crystalline lens of the eye. It 
forms upon the sensitive plate a real, 
inverted image, smaller than the ob- 
ject. The diaphragm, or stop, regulates 
the amount of light which can enter 
the camera just as the iris permits the 
proper amount of light to enter the 
eye through the pupil. The shutter 
excludes light just as the eyelids do. 
The interior of the camera is blackened 
to absorb stray rays of light. 


Eyes must be rolled inward 
to focus on object at D 


Fig. 497. How we use two eyes to estimate 
distance. 
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Fig. 498. Diagram to show how a camera forms images. 


462. Eye versus camera. In several 
ways the eye is decidedly superior to 
the camera. The eye is self-focusing, 
while in the camera the lens must be 
moved nearer to the sensitive plate or 
farther away, depending entirely upon 
the distance of the object. For this 
reason, the side walls of the camera are 
collapsible. The iris automatically regu- 
lates the amount of light the eye needs 
for forming clear images. The operator 
needs considerable experience to adjust 
the diaphragm of a camera properly for 
different light intensities. With the eye 
we get distance and perspective; the 
photograph formed by the camera does 
not have perspective. 

On the other hand, the camera has 
some advantages over the eye. It gives 
us a picture of all the details of the ob- 
ject, while some of the details of an 
image formed on the retina are so 
feebly impressed that they are either 
ignored or quickly forgotten. The pho- 
tograph gives us a picture of an object 
at a certain instant in a given position, 
while the image received through the 
eye may be a composite picture of 
several successive images in different 
positions. Each image persists for 
about 7s second before another that is 
distinct from the first may be formed. 


Thus we remember a composite pic- 
ture, possibly formed by the blending 
of several images. For this reason, two 
truthful persons may be almost con- 
tradictory in describing an accident 
both have witnessed. In one of the 
Olympic games, the judges awarded a 
runner fifth place. The motion pictures 
later showed unquestionably that he 
finished in second place. Motion pic- 
tures of football games show the coach 
clearly what each player did during the 
game. 

463. What are optical illusions 
and camouflage? The expression 
“You cannot fool me, Į saw it” is so 
common that one might infer that the 
eye is infallible. Yet we pay a magician 
to fool the eye. Often the image which 
the eye forms is influenced by former 
experiences which we have had. When 
our judgment based upon such experi- . 
ences is at fault, then optical illusions 
occur. (See Fig. 499.) Do the lines ap- 

ar to be parallel? There are many 
similar illusions of direction. (See Figs. 
500 and 501.) A brown log or stump 
in the darkening twilight may appear 
to the observer as a dog or other ani- 
mal when his imagination modifies the 
image on the retina. 

Many insects are very hard to see 
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Fig. 499. Do the heavy lines seem straight 
and parallel? 

when at rest on twigs or leaves because 
they assume the same color as their sur- 
roundings. This protective coloration 
is common among animals that change 
a brown or tawny coat of summer for 
one of white in winter. Many fishes 
change their colors and take the color 
of their surroundings. The white stripes 
and patches of the tiger, zebra, and 
giraffe resemble spots or streaks of sun- 
light passing through foliage or re- 
flected by leaves. (See Fig. 502.) 

The art of mimicry and protective 
resemblance is much practiced in wars 
on land and sea. Battleships are painted 
gray to produce low visibility. They 
blend with the horizon colors and are 
hard to see. Paint is much used to 
give an object the appearance of its 
surroundings. Airstrips and vital manu- 
facturing plants can be so effectively 
camouflaged that it is almost impos- 
sible for an enemy to spot them by air 
reconnaissance, 
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Fig. 500. Which vertical line is longest? 
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x464. What uses have anastigmat 
and rectilinear lenses? When ordi- 
nary lenses are used with the diaphragm 
well opened, the image produced is gen- 
erally sharp and well-defined at the 
center, but it is “streaky” or blurred 
near the edges. Rays of light from 
horizontal and vertical lines in a plane 
in the object are not focused in the 
same plane on the edges of the image. 
This defect of lenses is known as 
astigmatism. By using a combination 
of lenses of suitable refractive indexes 
and focal lengths, see Fig. 503, an 
anastigmat lens which gives good defi- 
nition over a wide area can be made. 

Lenses that can be used with a large 
aperture are fast, and they can be used 
for high-speed work. The effective aper- 
lure of a lens is equal to the diameter 
of the camera diaphragm when it is 
open as much as possible. The speed of 
a lens depends upon the ratio of its 
focal length to its effective aperture, or 
upon its relative aperture. In an F-4 
lens, the focal length is 4 times the 
effective aperture. Such a lens is 4 
times as fast as an F-8 lens, and 16 
times as fast as an F-16 lens. The 
speed ratios are proportional to the 
squares of the relative apertures. 

If a plano-convex lens is placed in a 
camera so the flat side is toward the 
object, the image that is formed is dis- 


Fig. 501. Observe how the square makes the 
circle Sppear flattened. 
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Courtesy of the American Museum of Natural History 


Fig. 502. The protective coloration of these tigers is an effective method of camouflage. Notice how 
the striped markings on their bodies blend in with the stalks of grass and make it more difficult to 


see them. 


torted so that a square has the appear- 
ance shown by the solid lines of Fig. 
504A. When the lens is turned so that 
its convex side faces the object, the op- 
posite effect is produced. (See Fig. 
504B.) Distortion is produced by all 
single lenses, the effect being especially 
noticeable in pictures of buildings with 
straight lines. The defect may be rem- 
edied by using two lenses with their 
corresponding curves facing in opposite 


Fig. 503. Anastigmatic lenses. 


directions and with the diaphragm be- 
tween the lenses. Such a combina- 
tion is called a rectilinear (straight-line) 
lens. 

465. What is meant by a simple 
magnifier? Everyone has used a sim- 
ple magnifier to produce an enlarged 
image of an object that is near the eye. 
We have learned that the apparent size 
of an object increases as it is brought 
nearer to the eye, because the visual 
angle is enlarged. We found, too, that 
the eye does not form a clear image of 
an object that is brought nearer the 
eye than 10 in., or 25 cm. Since the 
muscles of the eye cannot make the 
lens more convex, we may use a convex 
lens to assist the eye in forming clear 
images of objects closer than 10 inches. 

A double convex lens of rather short 


Corners 


rounded 


Fig. 504. Light waves passing through the edge 
of a single lens are distorted. 


372 


focal length is generally used as a sim- 
ple magnifier. This lens is held a little 
nearer to the object than its focal length 
and the eye is placed close to the lens. 
This is a practical example of Case 6, 
and the image formed is enlarged, vir- 
tual, and erect. To represent the mag- 
nifier graphically we merely draw a 
diagram to show how an image is 
formed when the object is nearer the 
lens than its principal focus, and place 
the eye on the opposite side near the 
lens. (See Fig. 505.) Since the object 
is very near the principal focus, the ap- 
proximate magnifying power of a sim- 
ple magnifier equals 


the least distance for distinct vision | 
focal length of the lens 


For example, we divide 25 cm. by the 
focal length in cm., or 10 in. by the focal 
length in inches. To magnify 5 diame- 
ters, we use a lens of 5-cm. focal length. 

466. Howis the compound micro- 
scope constructed? The invention of 
the compound microscope by Janssen 
marked the beginning of a new era in 
the study of plant and animal physi- 
ology. Without the microscope, noth- 
ing would now be known concerning 
the action of bacteria in producing 
diseases. By its use, Louis Pasteur 
learned why foods spoil and how cer- 
tain diseases are caused. If it were not 
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Fig. 505. How the simple magnifier forms 
images. 
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for the serums and antitoxins which 
his work made possible, at least one in 
eight of our readers would have died in 
infancy. 

From our study of lenses, it seems 
as if we ought to be able to form an 
enlarged image by means of one lens 
and then magnify this image by the 
use of another lens. That is exactly 
what the compound microscope does. 
Since the image to be magnified must 
be a real image, we make use of Case 4 
to form the first image, and of Case 6 
to magnify this image. The two con- 
vex lenses are mounted at opposite ends 
of a brass tube whose length is adjust- 
able. The lens near the object is called 
the objective, and the one near the eye 
is called the eyepiece. 

In Fig. 506 we use a converging lens 
as the objective, and the object, AB, 
is placed a trifle farther from this lens 
than its focal length. At A’B’, a dis- 
tance slightly more than twice the focal 
length of the objective lens, we have 
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Fig. 506. The compound microscope forms an 
image and then magnifies that image. 
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formed an enlarged, real, inverted im- 
age. This image is enlarged by the eye- 
piece which acts as a simple magnifier. 
The mirror is used to reflect strong 
light upon the object. Since the light is 
spread out over a greater surface when 
we form an enlarged image such an 
image will become fainter and fainter 
as we increase its magnification. 

The magnifying power of the objec- 
tive is approximately equal to the 
length of the tube L, divided by the 
focal length, F, of the objective, or 


L, The magnifying power of the eye- 


piece equals 5 (cm.). The total magni- 


fication is equal to the product of the 
two, or ae if the measurements are 


all given in centimeters. 


Suppose that the tube of a microscope is 
16 cm. long, the focal length of the objec- 
tive is 0.5 cm., and the focal length of the 
eyepiece is 2.5 cm. The objective magnifies 
the object 32 diameters, and the eyepiece 
magnifies it 10 diameters. The total magni- 
fication is 320 diameters. 


4467. There are two kinds of as- 
tronomical telescopes. Such tele- 
scopes are of two kinds: refracting and 
reflecting. Like the compound micro- 
scope, the refracting telescope has two 
lens combinations. The objective lens is 
of large diameter to enable it to col- 
lect large quantities of light. Of course, 
the object to be viewed is distant from 
the objective lens more than twice its 
focal length. Hence, the image that it 
forms is smaller than the object, but 
exceedingly bright. (See Fig. 507.) The 
eyepiece magnifies the real image which 
is produced by the objective lens. 

The objective of the Yerkes astro- 
nomical telescope has a diameter of 
40 in. and a focal length of more than 
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60 ft. Such an objective forms a real 
image of distant heavenly bodies, which 
is so bright that it can be highly mag- 
nified by the eyepiece. When an eye- 
piece whose focal length is 0.25 in. is 
used, this telescope magnifies almost 
3000 diameters. The magnifying power 
is approximately equal to the focal 
length, F, of the objective divided by 
the focal length, f, of the eyepiece, or 


F (See Fig. 508.) 


The reflecting telescope uses a large 
concave mirror instead of an objective 
lens for collecting light waves. The real 
image formed by such a mirror is then 
magnified by an eyepiece. Fig. 509 
shows the mounted 200-inch mirror of 
the world’s largest telescope. This tele- 
scope, completed in 1948, is expected to 
bring heavenly bodies to a distance one- 
fourth that ever before attained. Fig. 
510 shows the glass disc used to make 
the reflector. The Mt. Wilson telescope, 
whose mirror is 100 in. in diameter, is 
shown in Fig. 511. We need to remem- 
ber that 100 in. is more than 8 ft. 

The image formed by astronomical 
telescopes and by microscopes is in- 
verted and reversed. (See Fig. 507.) 
The user of a microscope soon becomes 
accustomed to this condition, and it 
makes little difference to astronomers 
whether they see the sun, moon, or 
planets erect or inverted. 
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Fig. 507. Diagram to show how a refracting 
telescope forms images. 


Courtesy of the Lick Observatory 


Fig. 508. The Lick telescope and observatory. The telescope and counterpoises (21 tons) are 
moved by electric motors and controlled by a clock which can keep the telescope pointed at any 
astronomical body. The floor may be raised or lowered to meet the needs of the observer. 
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š Courtesy of California Institute of Technology 


Fig. 509. The 200-inch mirror of the world’s largest telescope mounted in position. With this 
instrumerit astronomers confidently expect to extend the horizons of man’s knowledge of the 


universe. 


Courtesy of the Corning Glass Company 


Fig. 510. The mirror of the large telescope shown above was made from this large disc of glass. 
The disc is 200 inches in diameter, more than two feet thick, and weighs 20 tons. 
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Courtesy of Mount Wilson Observatory 


Fig. 511. The Mount Wilson reflecting telescope has a reflector 100 inches in diameter. 


+468. How is the terrestrial tele- 
seope constructed? In the ordinary 
field telescope, the objective lens and 
the eyepiece form images just as they 
do in an astronomical refracting tele- 
scope. With this instrument, however, 
it would be very awkward to see ob- 
jects inverted. For that reason, an- 
other lens system, as seen in Fig. 512, 
is used to reinvert the real image formed 
by the objective so that we may see it 
erect. Of course, it must be placed at 
exactly its own focal length from the 
image formed by the objective. 

Telescopic sights are sometimes used 
on long range rifles. Cross-threads in- 
tersecting at right angles are suspended 
in the telescope. When the telescope is 


adjusted so that the image is focused 
on the intersection of these threads, 
then the object, the center of the ob- 
jective, and the point of intersection 
are all in the same straight line. Sur- 
veyors use the same kind of telescope 
in their transit instruments and levels. 

469. How are opera glasses con- 
structed? The opera glass is lighter 
than the telescope, and, having two 
tubes, it has the advantage of giving 
binocular vision. 

The eyepiece has the same focal 
length as the crystalline lens of the eye, 
but it is concave; hence it practically 
neutralizes the lens of the eye. The ob- 
jective, a lens of larger size and greater 
focal length, is then virtually substi- 
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Fig. 512. The field telescope. 


tuted for the crystalline lens. Opera 
glasses usually magnify only 3 or 4 
times, the magnifying power being ap- 
proximately equal to the length of the 
tube in inches. The image appears erect, 
since it is formed on the retina just 
as images formed by the lens of the eye. 
In Fig. 513, the effect of the double 
concave lens used as the eyepiece is 
shown as it partially nullifies the effect 
of the crystalline lens of the eye. 

Some binoculars are made with total 
reflecting prisms, like those of Fig. 514. 
Such an arrangement permits the lenses 
to be set farther apart to increase the 
visual angle. Thus the observer can 
scan a wider field without changing his 
position. 

470. How does the slide-film or 
film-strip projector form images? 
This optical instrument is an important 
part of the equipment of nearly every 
school. It is extensively used to throw 
an enlarged image of a transparent 
film-strip on a screen. By adding re- 
flecting mirrors, some larger instru- 
ments like this are used to project 
images of opaque objects. The objective 
lens is a combination of converging 
lenses which act as a single lens. The 
film is placed a trifle farther from the 
lens than one focal length. The screen 
used to receive the image is distant 
considerably more than twice the focal 
length of the objective. Since the image 


is real, inverted, and enlarged, the film 
must be placed upside down in the 
holder so that it will appear erect on 
the screen. 

The image is greatly enlarged in such 
projection, and it will be very faint 
unless the film is very strongly illumi- 
nated. A very high-candle-power lamp 
is used, usually 300 C.P. or more. 
A concave mirror, also shown in the 
diagram, is placed behind the lamp to 
focus more light rays upon the film. 
Still more important for strong illumi- 
nation are the condensing lenses. These 
lenses are usually plano-convex lenses 
which are placed between the lamp and 
the film strip. (See Fig. 515.) The 
size of the image on the screen may be 
increased by increasing the distance 
between the projector and the screen. 
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Fig. 513, Opera glasses, How they form images. 
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ii Courtesy of ‘Bausch aa Lomb Optical Company 
Fig. 514. Binoculars generally have total 
reflecting prisms. 

471. What principle makes mo- 
tion pictures possible? The spokes of 
a rapidly rotating carriage wheel suc- 
ceed one another so rapidly that the 
wheel appears solid. This happens be- 
cause the image of an object formed on 
the retina of the eye persists for from 
zo to zs of a second after the object 
causing the image has been removed. 
The wheel appears solid, then, because 
the image of a second spoke is formed 
on the retina before the image of the 
first spoke has faded out. This princi- 
ple of duration of vision makes possible 
the showing of motion pictures. 

In preparing the film, 16 pictures of 
a moving object are taken per second if 
the film is “silent” film, and 24 pic- 
tures are taken per second if it is 
“sound” film. When these pictures are 
thrown upon a screen, they succeed one 
another at the same rate as that at 
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which they were taken, thus giving the 
effect of continuous motion. A slow or 
fast motion effect can be gained by 
varying the speed of exposure. 

We observe that each picture on the 
strip of film shown in Fig. 516 is 
slightly different from the preceding 
one. Film used in commercial theaters 
is made from cellulose nitrate. It is 
so flammable that it must be projected 
only from a fireproof booth. Safety 
film, made of slow-burning cellulose 
acetate, is used for home and school 
movies. 

Certain optical illusions are noticed 
in viewing motion pictures. If an air- 
plane propeller is started slowly by 
hand it appears to be turning back- 
ward. The successive appearances of 
the propeller blades are slower than the 
succession of pictures on the screen. 
Occasionally one sees on the same film 
an automobile or other vehicle in which 
the wheels appear to be turning back- 
ward, another vehicle in which the 
wheels seem to be turning forward in 
the proper direction, and still others 
in which the wheels appear to be stand- 
ing still as the vehicle moves forward. 
These phenomena depend upon the 
speed at which the spokes succeed one 
another compared with the rate at 
which successive pictures are thrown 
upon the screen. 

472. How are motion pictures 
projected? The motion picture pro- 


Fig. 515. How the slide-film projector forms images. 
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Fig. 516. A strip of motion picture film. 


Courtesy of Bell and Howell 


Fig. 517. A portable motion picture pro- 
jector, small enough to carry in a case. The 
film is drawn from the reel at the right, down 
through sprockets behind the objective, and 
back to the reel at the left. 


jector, Fig. 517, does not differ from 
the slide-film projector in the way in 
which images are thrown on the screen. 
The image is formed by the objective 
in the same manner, and condensers 
are used to concentrate a large amount 
of light upon the film, which takes the 
place of the stationary film strip. 
The mechanism for operating the film 
is somewhat complex. An electric motor 
js used to wind the film upon one reel 
as it is unwound from another. Each 
picture must come to a complete stop 
while it is being shown. Then it moves 
on and another picture is substituted 
for it before the image of the first one 
has faded out from the retina. To pre- 
vent streaks, a revolving shutter covers 
the picture while the film is actually 
moving. This makes it an interesting 
question, then, whether we ever see 
motion pictures. 

x473. How is sound added to mo- 
tion pictures? When “sound” mo- 
tion pictures are taken, the film is ex- 
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Fig. 518. A light valve used in adding sound recording to a picture film. 


posed at the rate of 24 pictures per 
second. This higher film speed makes 
it possible to photograph a high fidelity 
sound track on the edge of the film. 

Generally the pictures and the sound 
track are first photographed on sepa- 
rate strips of film. These are combined. 
when the picture is finally printed. 
One of the methods of recording sound 
on film is as follows: 

1. A microphone which is free from 
distortion is used to change the sound 
waves into electrical currents. 

2. The corresponding electrical cur- 
rents are then amplified and passed 
through a light valve. (See Fig. 518.) 

3. The light valve consists of thin 
light strips of the metal duralumin 
placed about 0.001 in. apart between 
the poles of a powerful magnet. As the 
amplified current flows through these 
light metal strips in succession, they 
are attracted and repelled by the poles 
of the magnet so that the width of the 
slit between them varies in proportion 
to the strength of the current produced 
by the sound waves. 


4. A beam of light passes through 
the narrow slit of the light valve and is 
focused upon the edge of the film. The 
variations in the width of the slit cause 
variations in the amount of light pass- 
ing through the valve. When the film 
is developed it will have light and dark 
bands which correspond to the sound 
waves that entered the microphone: 
Fig. 519 shows-a variable-density sound 
track at the left of the picture. Fig. 520 
shows a variable-width sound track. 

In reproducing such a sound film, a 
beam of light passes through a narrow 
slit and then through the sound track 
on the edge of the film to a photo-electri¢ 
cell, sometimes called an electric eye. 
The variations in the light falling upon 
such a cell cause corresponding varta- 
tions in the electrical current which the 
cell produces. The variable electric cur- 
rents are amplified and then conducted 
to a loud speaker, which converts the 
electric currents back into sound waves 
which are heard by the audience. 

474. How are lampshades used 
to modify illumination? Daylight 
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Fig. 519. Film with variable-density sound 
track at left. 


is usually well diffused, but for the 
proper distribution of artificial light, 
shades or reflectors are essential. In a 
library or reading room the light should 
be fairly close and concentrated. For 
living rooms and assembly halls, the 
illumination is more general. 

In the direct system of illumination, 
the light shines directly upon the ob- 
ject to be lighted; a rather narrow 
shade or a concave reflector may be 
used to concentrate more light upon 
the object. This is the most economical 
system of lighting, but the eyes are 
sometimes injured by the glare which 
comes from the light itself or from the 
reflector. In electric lighting, the bulbs 
are either frosted or made of translu- 
cent glass in order to modify the glar- 
ing light of the filament. (See Fig. 
462.) 

For general illumination, the indirect 
or the semi-indirect system is often 
used. With the indirect system the 
lamps are placed near the ceiling; a 
large, opaque, bowl-shaped reflector 


Courtesy of Eastman Kodak Company 


Fig. 520. Film with variable-width sound 
track at left. 


placed beneath the lamp reflects the 
light to the ceiling, whence it is diffused 
to all parts of the room. (See Fig. 522.) 
If the ceilings are white, an even dif- 
fusion of the light is thus secured and 
the system is fairly efficient. White or 
light ‘yellow walls and ceilings may re- 
flect as much as 50% of the light they 
receive. Red, brown, or green. walls ab- 
sorb about 85 or 90% of the light re- 
ceived, and reflect only 10 to 15%; 
hence they are not suitable for use with 
indirect lighting. While the indirect sys- 
tem of lighting is always more costly, 
yet the light is soft and pleasing, and 
sharp shadows are eliminated. 

Tn the semi-indirect system of light- 
ing, the lamp is partially enclosed by a 
translucent shade or globe. (See Fig. 
523.) A part of the light is directed to 
the ceiling and then reflected to the 
floor or walls, and a part of it diffuses 
through the translucent globe directly 
to the user. It combines the advantages 
of the direct and indirect systems. 

Diffusion lighting is much used for 
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Courtesy of the General Electric Company 


Fig. 521. Semi-indirect lighting is used to provide good general illumination, as well as additional 


light for reading or writing. 


hallways and kitchens. In such a sys- 
tem, a translucent globe nearly or en- 
tirely encircles the lamp. (See Fig. 524.) 

Light-colored lampshades may be 
used effectively to reduce glare, and to 
direct more light into areas where tasks 
such as reading or writing are done. 
(See Figs. 521 and 525.) 

At one time, it was common practice 
to outline the domes and towers of 
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Fig. 529. Indirect lighting gives soft light 
effects, but it is not very efficient. 


large buildings with rows of incandes- 
cent lamps. The method has been su- 
perseded by the use of jloodlighting. 
Fig. 526 shows the Capitol dome flood- 
lighted at night. Great batteries of 
projectors are used for this purpose- 
Niagara Falls is floodlighted at night, 
and different colors are used to enhance 
its beauty. Athletic fields are often 
lighted for games played at night. 
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Fig. 523. Efficiency is increased by using 
semi-indirect lighting. 
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Courtesy of the Lightolier Company 


Fig. 524. Diffusion lighting finds use in hallways, 
kitchens, and bathrooms. 


Night baseball and football are very 
popular in some cities. (See Fig. 528.) 

The fluorescent lamp, which was 
widely used for lighting the World's 
Fair in New York, is rapidly coming 
into use in stores and factories, and in 


Courtesy of the General Electric Co. 


Fig. 525. The importance of proper lighting 
for study cannot be overestimated. The lamp 
shown above reflects most of the light down 
on the desk where it is needed, Direct glare 
is avoided, 
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Philip Gendreau, New York 


Fig. 526. The Capitol dome at Washington, 
D.C., floodlighted. The photograph was taken 
from the steps of the Supreme Court Building. 


halls and kitchens of the home itself. 
Tts operating cost is probably less than 
40% of that of the same candle power 
tungsten lamp. The fluorescent lamp 
consists of a tube from one to one and 
one-half inches in diameter and from 
18 to 96 inches in length, fitted by 
pins into a special socket. The inner 
walls of the tube are coated with 
chemicals known as phosphors. When 
exposed to ultraviolet light, these phos- 
phors glow and yield such colors as 
gold, red, blue, pink, and green. By 
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Courtesy of the Westinghouse Electric and Manufacturing Company 


Fig. 527. This figure shows the manner in which fluorescent lamps are constructed, The installation 
cost of fluorescent lamps is greater than that of tungsten lamps, but it costs less to operate them. 
Great care must be used in disposing of burned-out fluorescent tubes. The chemicals uscd in com- 
pounding the fluorescent coating are very poisonous. 


Courtesy of the Crouse-Hinds Company 


Fig. 528. Groups of powerful incandescent lights are used to illuminate an athletic field for night 
baseball or football, 
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Courtesy of Claude Neon Lights, Inc. 


Fig. 529. Making neon tubes for advertising signs. 


blending several phosphors, a fine 
white light may be produced. The 
ultraviolet rays are produced when 
electrons which are emitted by the hot 
electrodes bombard atoms of mercury 
vapor which are enclosed within the 
tube. A starting device must be used 
to make the electrodes heat up quickly 
and start the flow of electrons through 
the tube. (See Fig. 527.) 

475. How is neon used in light- 
ing? The use of glass tubes containing 
neon gas is very common for advertis- 
ing signs or displays. It is possible to 
bend glass tubing into any desired 
shape to form letters or designs. The 


tube is then exhausted and filled with 
the gas neon under reduced air pres- 
sure. Electrodes sealed in the ends of 
the tube are used for making electric 
contacts. When the current is turned 
on, the whole tube is filled with a yel- 
lowish-orange or reddish-orange light. 
If argon gas and mercury vapor are 
mixed with the neon, a blue light can 
be produced. It is possible, too, to pro- 
duce other colors by the use of colored 
glass for the tubes. Neon lighting is pop- 
ular, because its effects are beautiful 
and striking, and also because the cost 
of operation is so low that small signs 
need not be turned off. (See Fig. 529.) 


Summary 


The eye is the most commonly used optic 
d images on the retina. Certain defects of the 


which forms real, inverte 


eye, such as nearsightedness, farsightedness, 


al instrument. It has a lens 


and astigmatism, can be 


corrected by means of glasses, oF spectacles. 


By focusing both eyes upon an 


provided we know the size of an 
can judge size fairly well. 
The camera is patterne 


object, we learn to judge distance, 
bject. If we know the distance, we 


d after the eye itself. In some respects it is 
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more accurate and efficient than the eye. In other respects the eye is 
superior. The camera forms real images upon a sensitive film or plate 
by means of a lens system. Such an image is real, inverted, and usually 
smaller than the object. 

The compound microscope forms first an enlarged, inverted, real 
image, as in Case 4, and then magnifies the image by means of an eye- 
piece used as a simple magnifier, which is an application of Case 6. 

In the telescope, either a large lens or a concave mirror is used to 
collect large quantities of light to form a bright, real image of a distant 
object. The image is then magnified by means of a powerful eyepiece. 

The slide-film projector uses condensing lenses to gather rays of light 
and focus them upon a transparent slide whose image is to be thrown 
upon a screen by a lens system which utilizes the principle of Case 4. 
The motion picture machine projects images in a similar manner, but 
the images succeed one another in such rapid succession that the effect 


is continuous. They utilize the principle of duration of vision. 
Lenses and mirrors are much used in our homes, streets, and recrea- 
tion fields to focus light where we wish it to give the desired illumination. 


How many of the following terms and phrases can you define or explain? 


The eye) o. Duration of vision 
Nearsightedness Neon lighting 
Farsightedness How eye forms images 
Astigmatism Judging size and distance 


Camera versus eye 
» Astronomical telescope 
Opera glasses 


Optical illusions 
Compound microscope 
Terrestrial telescope 


Magnifier 

Optical lantern 

Motion pictures 

Sound motion pictures 

Lampshades and illumi- 
nation 

Fluorescent lighting 


QUESTIONS 


1. What causes nearsightedness? What 
causes farsightedness) 

2. When determining what glasses to 
use to correct faulty vision, an oculist puts 
“drops” in your eyes. What is the purpose 
of this treatment? Why is it advisable to 
wear dark glasses after such treatment? 

3. What do we mean when we say that 
a camera has an F-4 lens? 

4. What are variable-width and variable- 
density sound tracks? 

5. What are the speeds of projection of 
silent film and sound film? Why must sound 
film be projected at the faster rate of speed? 

6. What is the advantage and disad- 
vantage of indirect lighting? 

7. Why does a range finder with a long 
base line give more accurate readings than 
one with a short base line? 

8. In optical instruments where reflec- 


tion is required, which would be better, 
mirrors or prisms)? Why? ‘ 

9, What defect of the eyes causes astig- 
matism? 

10. Sometimes in the movies the wheels 
of wagons or stagecoaches appear to rè- 
volve in a direction opposite to that m 
which they should. What causes this? 

11. Why is the world’s largest telescope 
a reflecting telescope and not a refracting 
telescope? 

12. Which eye defect is most common 
in elderly persons? How may it be cor- 
rected? 

13. What are the advantages of neon 
lighting over incandescent lighting? What 
are the disadvantages? 

14. How are spotlights constructed s° 
that they project a non-diverging beam of 
light? 


LIGHT—OPTICAL INSTRUMENTS 


15. Stray rays of light are undesirable in 
optical instruments. How are they elimi- 
nated? 

16. Ladies’ small wrist watches some- 
times have curved crystals. Why do they 
make the watch face easier to read? 

17. Ina moving picture projector, where 
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is the film placed with respect to the focal 
length of the objective lens? 

18. How is a desirable white light se- 
cured from a fluorescent lamp? 

19. How does increasing the length of a 
microscope tube affect the magnifying 
power? 


PROBLEMS 


Group A 


1. How much does the focal length of 
your eye change when you look up from a 
book 14 in. from the eye to see a person 
25 ft. away? Assume that the length of the 
eyeball is 1 in. 

3, A microscope tube is 160 mm. long. 
What is its magnifying power when the 


eyepiece has a focal length of 2 cm., and the 
objective has a focal length of 4 mm.? 
3. A magnifying glass has a focal length 
of 15 cm. What is its magnifying power? 
4. A certain microscope has a 10x eye- 
piece and a 43x objective. What is the 
magnifying power of the microscope? 


Group B 


5. A camera has a lens which has a focal 
length of 6 in. What must be the distance 
between the film and the lens in order to 
produce a clear image of an object 30 ft. 
away? If the object is a building 25 ft. wide 
and 20 ft. high, what is the smallest size 
photographic plate which can be used to 
take the picture? 

6. A high school auditorium is 60 ft. 
long. The pictures on 16 millimeter movie 
film are approximately $.in. wide. In order 
to project a 10 ft, wide image on a screen 
from the back of the auditorium, what focal 


length lens is required on the projector? 

7. What is the distance between the ob- 
jective lens and the eyepiece lens of a ter- 
restrial telescope when viewing an object 
1 mile away? Focal length of objective, 
5 in. Focal length of inverting lens system, 
l in. The two lenses are 2 in. apart. 
Focal length of eyepiece, 2 in. 

3. A standard lantern slide bears a pic- 
ture 24 in. square. What focal length ob- 
jective lens will be necessary to produce 
an image 6 ft. by 6 ft., 25 ft. in front of 
this lens? 


Unit Eight 
Chapter 20 


476. How is light dispersed? Cut- 
glass dishes and pendants from candle- 
sticks give a beautiful display*of colors 
when the sun shines upon them. Let us 
take a glass prism and permit a beam 
of sunlight to fall upon it ‘through a 
narrow slit in the window shade of a 
darkened room. If we let the rays 
which pass through the prism fall upon 
a white screen, we can see a band of 
seven colors. Such a band of colors is 
called a solar spectrum. This experi- 
ment shows that sunlight is complex 
and that it is composed of several 
colors; it is polychromatic light. If light 
consists of one color only, it is said to 
be monochromatic. 

Such a method of analyzing complex 
light, or separating it into its colors is 
called dispersion of light. Such disper- 
sion is due to the fact that some colors 
are refracted more than others as they 
pass through a glass prism. Fig. 530 
shows the order in which the seven 
colors appear on a screen. Violet light 
is refracted more than any other color, 
since it has the shortest wave length. 
Red rays are bent least in passing 
through a prism; they are the longest 
of the light waves. The other colors lie 
between the red and the violet. The 
rainbow, which will be more fully ex- 
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plained later, is a beautiful example of 
a solar spectrum cast across the sky by 
the dispersal of sunlight from drops of 
falling water. 

477. What determines the color 
of light? Just as the pitch of a sound 
depends upon the number of vibrations 
which reach the ear per second, so the 
color of light depends upon the num- 
ber of vibrations which reach the eye 
per second. Color bear's the same relation 
to light that pitch does to sound. When 
we hold one end of an iron poker in the 
fire, the electrically charged particles 
in its atoms oscillate faster and faster 
as the temperature rises. Soon the vi- 
bration rate becomes fast enough to 
give off waves to which the eye is sensi- 
tive. The first color which the eye can 
detect is a very dark red. To produce 
this dark red color, the vibrations must 
be so rapid that the wave length pro- 
duced is only 8100 Angstroms (pro- 
nounced eng-strums) in length. 


Refraction 
and dispersal 
hy, 
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Fig. 530. The prism disperses compound light. 


Vocabulary ea I 


Anatysts, taking apart, or decomposing. 

SYNTHESIS, putting together, or combining. 

Acuromatic, without color. 

PotycHromatic, composed of many colors. 

Poxarizep, light which vibrates only in a 
single plane. 


Anestrom, 0.00000001 cm., or 10-8 cm. 

Monocrromaric, consisting of one color only. 

Spectrum, a band of colors formed by dis- 
persing polychromatic light. 

Dispersion, the separation of complex light 
waves into their component colors. 


388 


LIGHT— 


The Angstrom unit, abbreviated A., 
is equal to one one-hundred-millionth 
of a centimeter, so 8100 A. equals 
0.000081 cm. Longer waves than this 
affect our temperature sense and are 
known as infra-red rays, but the eye is 
not sensitive to them. Let us continue 
to heat the poker; it gives off orange 
light, then yellow, and it finally be- 
comes while hot. If we pass the rays 
from the white hot poker through a 
prism, we shall have a band of colors 
like the solar spectrum. 

The shortest waves which the eye 
can see are those produced by violet 
light; its waves are only 3900 A. in 
length. Shorter waves, such as those 
of ultra-violet and X-rays, are known, 
but the human eye is not sensitive to 
them. (See Table 18, Appendix B.) 

A study of the table shows that the 
eye is affected by a range of frequencies 
equivalent to only about one octave, 
since the vibration rate needed to pro- 
duce violet is just a trifle more than 
double that required to produce red 
light. The formula, 


Veni, 


applies to light waves as well as to 
sound waves. The velocity of light is 
about 300,000 kilometers per second, 
If we divide this number by the wave 
length for pure violet, 4100 Å., we 
find that the frequency of such wave 
motion is 7.3 xX 10%, or 730 trillion, 
times per second to produce violet 
light. 

478. What determines the color 
of objects? It is difficult for pupils to 
think of color as a property of light 
waves rather than of objects. For ex- 
ample, we have a piece of cloth which 
we say is blue, but if we hold it in the 
ted portion of a solar spectrum in a 
darkened room, we find that it seems 
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black. If we put a piece of red cloth 
in the blue portion of such a spectrum, 
it will also appear black. The color of 
an opaque object depends upon the kind 
of light which it is capable of reflecting 
to the eye. If an object reflects all the 
sunlight colors which it receives, we say 
that it is while. We call an object black 
if it absorbs all the light rays that fall 
upon it. What do we mean by sayiag 
that an object is blue? We mean that 
it absorbs all the light except blue, but it 
reflects the blue light to the eye. An object 
is called red if it absorbs all other colors 
and reflects red light. Of course, a piece 
of blue cloth will appear black in the 
red portion of the spectrum, because 
there is no blue light there for it to re- 
flect, and it absorbs all other colors. For 
the same reason, red will appear black 
in the blue portion of the spectrum. 

From these observations, we must 
conclude that the color of an opaque 
object depends upon: (a) the color of 
the light that it can reflect; (b) the 
color of the light that shines upon it. 
Strictly speaking, color is a property 
of light waves that is dependent en- 
tirely upon their length. 

Artificial lights are likely to be de- 
ficient in certain colors, particularly in 
the blue and the violet. Hence, a tur- 
quoise dress that appears to be blue in 
sunlight may look quite green by arti- 
ficial light. The mercury vapor lamp, 
which is widely used by photographers, 
is deficient in red and yellow rays. A 
person sitting under the rays of such 
a lamp loses his natural color. Upon 
a certain occasion, a child posed by a 
photographer under such a lamp looked 
so pale and ghastly that his mother 
grabbed him and rushed to the doctor. 
That photographer now uses other arti- 
ficial lights with his vapor lamp. 

The color of transparent objects de- 
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pends upon the color of the light waves 
which they transmit. Ordinary window 
glass, which transmits all colors, is said 
to be colorless. Red glass absorbs all 
colors but red, which it transmits. The 
stars of the United States flag would 
appear red on a black field, if viewed 
through red glass. 

479. How can colors be com- 
bined? If compound, or polychromatic, 
light can be analyzed into its simple 
colors, it seems reasonable to suspect 
that one can combine simple colors to 
form compound light. This can be done 
in two ways. 

1. If we place a second prism, ar- 
ranged as in Fig. 531, in the solar spec- 
trum formed by a prism, the different 
colors will recombine to produce white 
light. Other colors may be compounded 
in the same manner. 

2. If we have given a disc which has 
the spectral colors painted upon it, as 
in Fig. 532, we may combine the colors 
by rotating the disc rapidly. Since we 
have duration of vision, the light from 
one color forms an image which persists 
on the retina until each of the other 
colors in turn has been reflected to 
the eye. We really see them all at one 
time, and if pure spectral colors are 
used, they will blend to produce white 
light. Because certain colors fade rap- 
idly, pure white is seldom seen when 
this experiment is performed. 

480. What are complementary 

colors? In a darkened room let us re- 
peat the experiment with the prisms of 


Prism 


Prism \Colored band 


Fig. 531. A second prism may be used to re- 
combine colors in the synthesis of light, 
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Section 476. If we shove an opaque 
cardboard into the spectrum formed by 
the first prism at the point C of Fig. 
531, we can cut off the red rays. The 
other six colors will combine as they 
pass through the second prism to form 
blue-green light. By subtracting red 
light from white light, we produce blue- 
green light. It appears safe to guess 
that red light and blue-green light will 
combine to produce white light, and it 
can be shown by using the rotating disc 
with the two colors that our guess is 
correct. Any two colors that wnile to form 
white light are said to be complementary. 

In a similar manner it can be shown 
that blue and yellow are complemen- 
tary colors. White goods acquire a 
yellow color after continued launder- 
ing. Blueing is used in the rinse water 
to neutralize the yellow color and make 
the wash white. Iron present in the 
sand used for making glass imparts to 
the glass a green color. Manganese im- 
parts to the glass an amethyst or pur- 
plish-red color. If the two are used in 
the right proportion, the glass will be 
colorless. 

481. Which are the primary col- 
ors? Because sunlight is composed of 
seven colors which cannot be analyzed 
further, these seven colors are some- 


Blue 


Indigo 


Fig. 532. A disc colored as indicated gives 
white light when rotated rapidly, 
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times known as elementary colors. We 
have already learned that they com- 
bine to produce white light. 

Experiment shows that white light 
may also be produced by combining 
any two complementary colors. Three 
colors have been found that will pro- 
duce not only white light, but if they 
are combined in the right proportions, 
any color can be formed. Hence they 
are called fundamental or primary col- 
ors. The primary colors are red, green, 
and bluish-violet. 

By the use of Von Nardoff’s color 
apparatus, the effects of mixing the 
different primary colored lights may be 
shown. By means of a lantern white 
light may be thrown upon a screen 
through three round openings in the 
color apparatus. In each opening we 
may place a glass slide. One is colored 
red; a second, blue, or bluish-violet; and. 
the third, green. Note that these are 
the three primary colors. The slides 
may be so moved in this apparatus 
that the inner edges overlap, as shown 
in Fig. 533. Where the three overlap, 
the three primary colors combine to 
produce white light. The overlapping 
of the green and red produces yellow; 
of the red and blue, purple or crimson; 
and of the blue and green, blue-green, 
or peacock-blue. If we use the blue and 
yellow together without the other col- 
ors, we have white light, since they are 
complementary. Taking yellow from 
the white leaves the blue, which is op- 
posite in the figure. In the same man- 
ner, taking red light from white leaves 
the blue-green or peacock-blue; taking 
green from white light leaves the color 
shown opposite in the figure, purple 
or crimson. 

482. What is the theory of color? 
If is of interest to inquire how light 
waves of different length affect the eye 
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in such a manner that we see different 
colors. The most generally accepted 
theory of color sensation was proposed 
by Dr. Thomas Young and later elabo- 
rated by Helmholtz. It is based upon 
the three primary colors. According to 
the Young-Helmholtz color theory, the 
retina of the eye is provided with three 
sets of nerves, each set being sensitive 
to one of the three primary colors. 

If all three sets of nerves are equally 
stimulated, we receive the sensation of 
white. Of course, blackness or darkness 
is the result of no stimulation. When 
red waves enter the eye, they stimulate 
chiefly the nerves that produce the sen- 
sation of red, and we see that color. 
If only those nerves that are sensitive 
to green are stimulated, the sensation 
of green is produced in the brain. When 
yellow light enters the eye, both the 
red and the green sets of nerves are 
stimulated. The brain identifies purple 
if the nerves sensitive to red and bluish- 
violet are both stimulated. Thus all the 
colors and shades are produced by the 
proper stimulation of one, two, or three 
sets of color nerves. 

483. What is meant by color 
blindness? You would not care to ride 


Purple or 
crimson 
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bluish-violet 


Blue-green 
or 


Fig. 533. The overlapping colors combine to 
produce the colors indicated. 
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on a train if the engineer could not tell 
a red light from a green one. Neither 
would you feel very safe to ride in an 
automobile if the driver of the car 
could not distinguish between green 
and red. Such persons are color-blind. 
The poet Whittier is said to have 
patched a green wallpaper in his library 
with a bright crimson pattern. John 
Dalton, who was a Quaker and wore 
somber colors, at one time appeared on. 
the street wearing red stockings; to 
him they appeared gray. 

Because Dalton was the first to study 
this defect in the eye, color blindness 
is sometimes called Daltonism. It is 
a defect in the eye itself. In its most 
common form, one set of color nerves 
appears to be lacking, and the person 
cannot tell red from green. In other 
cases, two or even three sets of color 
nerves are lacking. In extreme cases, 
the person’s eye is sensitive to lights 
and shadows only. A person who is 
color-blind cannot distinguish between 
red cherries and green, and he is not 
fitted to pick strawberries. Some 3 or 
4% of men are color-blind, and about 
one woman in 200. The defect is usu- 
ally congenital, and there is no cure 
for it. It is claimed that some cases 
have been caused by the use of alcohol 
or tobacco. 

484. What is retinal fatigue? Pos- 
sibly most pupils have had the following 
experience: After reading in strong sun- 
light the outside page of a newspaper 
printed on pink paper, one finds that 
the inside page of white paper appears 
blue-green. Suspend a bright red disc 
on a white background in strong sun- 
light. After each pupil has looked in- 
tently at the disc for one minute, he 
will see a blue-green spot the size of 
the disc when he looks at the white 
background. This phenomenon is due 
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to retinal fatigue. The retina of the 
eye tires of red and refuses to be stimu- 
lated by it any longer; the other six 
colors reflected by the white back- 
ground combine to produce the blue- 
green color. Red and blue-green are 
complementary colors. When we repeat 
the experiment, using a blue disc, the 
spot that appears after the eye tires 
of blue, is yellow. 

485. What is the result of mixing 
pigments? When we add blue and yel- 
low light, we have white light produced. 
If we mix a blue pigment with a yellow 
one, we do not have white produced, 
but green. Each pigment subtracts cer- 
tain colors. For example, the yellow 
subtracts or absorbs blue and violet, 
and the blue subtracts or absorbs red 
and yellow. Green is the only color 
that is not subtracted by either pig- 
ment; hence these two pigments pro- 
duce green. 

When we mix pigments, each one 
always subtracts certain colors from 
white light; the resulting color depends 
upon the light waves that are not ab- 
sorbed. The primary pigments are the 
complements of the three primary col- 
ors. They are, respectively, peacock 
blue (red), crimson (green), and yellow 
(bluish-violet). When the three primary 
pigments are mixed, all the colors are 
subtracted from white light, and the 
mixture is black. 

486. What is four-color printing? 
In the four-color printing process, 
four negatives of the same subject are 
made through colored filters, each 
stained with one of the three primary 
colors. The black one, of course, 1$ 
not filtered. Half-tone plates are thet 
made from these negatives in the usual 
manner. Each of the colored plates 18 
printed on white paper, first with yel- 
low ink, then with red, then blue, and 


Fig. 534. A photograph from Whiteface 
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Courtesy of the Eastman Kodak Company 


use of an infra-red sensitive plate. Ob- 
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finally with black. The accuracy of the 
color reproduction depends on a selec- 
tion of proper shades of ink. (See the 
example of four-color printing in the 
frontispiece of this book.) 

487. How has photography been 
improved? Improvements in mecha- 
nism have enabled persons to take pic- 
tures with shorter exposures. Fast 
lenses have been developed. The pic- 
ture shown in Fig. 534 was taken by 
the usual method with light which is 
visible to the eye. The same picture 
is shown in Fig. 535, but in this case 
a filter was used so the picture could 
be taker with infra-red rays. It is easy 
to see why infra-red photography is so 
useful, since haze and clouds do not 
restrict clearness. 

Colored films are popular now, too. 
One of the color processes that are 
now used is the kodachrome process. 
Let us see how colored motion pic- 
tures are taken by this process. 

The celluloid film is coated with 
three sensitive layers, separated from 
each other by extremely thin layers of 
plain gelatin. The bottom layer is an 
emulsion which is sensitive to red. The 
middle layer is a green-sensitive emul- 
sion, and the top layer is sensitive to 
blue. The three layers, with the two 
sheets of gelatin separating them, are 
not more than 0.02 mm. in thickness. 

Blue light is absorbed by the top 


Luminous 
sodium 
vapors 


Fig. 536. Non-luminous sodium vapor absorbs 
the yellow light produced by luminous sodium 
vapor. 


blue-sensitive emulsion upon which it 
makes its impression. Green light 
passes through the top layer and is 
absorbed by the middle green-sensitive 
layer, upon which it acts chemically, 
Red light, after passing through the 
two sensitive layers, acts upon the 
bottom layer of red-sensitive emulsion. 
The back surface of the film is coated 
black to prevent reflection of light. 

Such a colored film does not give 
good effects unless the exposure is 
made in direct sunlight. The camera, 
too, must have a very fast lens in 
order to give good results. After being 
exposed, the film is sent to the manu- 
facturer to be developed. The tech- 
nique used in developing the film, 
reversing the images, and then dyeing 
the different layers is too intricate to 
be discussed here. 

488. There are different kinds of 
spectra. We know that the sun’s rays 
are separated into colors by a prism 
to form a solar spectrum. Light from 
other sources may be analyzed in the 
same manner. There are three kinds 
of spectra: 

1. Continuous. A platinum wire held 
in the colorless flame of a burner pro- 
duces a spectrum that consists of an 
unbroken band of seven colors. Since the 
seven colors form one unbroken band, 
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Fig. 537. The sun's atmosphere causes it to 
give absorptive spectra, 
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such a spectrum is said to be con- 
tinuous. Continuous spectra are pro- 
duced by incandescent solids, liquids, 
and dense gases. 

2. Discontinuous. Let us dip a plati- 
num wire into a solution of common 
salt, or sodium chloride, and then hold 
the wire in the colorless flame of a 
burner surrounded by a piece of metal 
in which a narrow slit has been cut. 
When the light coming through this 
slit falls upon a prism, the spectrum 
which it forms on a screen consists of 
a single line of a bright yellow color. 
Luminous gases or vapors under atmos- 
pheric pressure give bright-line specira. 
Such a bright yellow line in a spec- 
trum is characteristic of all compounds 
that contain sodium. When the spec- 
trum produced by the hot platinum 
wire and the luminous sodium vapor 
are examined together, we find that 
the platinum produces the band of 
colors, but that the sodium vapor 
gives a bright line in the yellow of the 
spectrum. It always appears in a cer- 
tain part of the spectrum. Since this 
bright line breaks the continuity of the 
band of colors, such bright-line spectra 
are known as disconlinuous spectra. 
Luminous vapors containing com- 
pounds of calcium produce two bright 
lines, one in the green and the other 
in the red. The colored spectral chart 
(facing p. 396) shows where spectrum 
lines originate. 


3. Absorptive. We may produce 
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Fig. 538. The spectroscope is used to study 
spectra, 
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bright-line spectra with luminous so- 
dium vapor just as before, and then 
place an iron pan containing sodium 
chloride between the slit and the 
prism, as in Fig. 536. When the pan is 
heated enough to vaporize the sodium 
chloride, but not hot enough to make 
it luminous, a dark line appears in the 
spectrum where the yellow line had 
previously appeared. The yellow light 
waves have been absorbed by the so- 
dium vapor. Such spectra are called 
dark-line, or absorplive spectra. Gases 
or vapors can absorb light waves of the 
same length they would produce them- 
selves, if they were heated to luminosity. 
For example, luminous sodium vapor 
gives bright yellow light waves. Non- 
luminous sodium vapor absorbs yellow 
light waves. 

489. What are Fraunhofer lines? 
As early as 1802, Wollaston noticed 
that certain dark lines appear in the 
sun’s spectrum when produced by a 
prism and a narrow slit to admit the 
sun’s rays. Ten years later they were 
independently discovered by Fraun- 
hofer, who charted a large number of 
these dark lines. He observed that they 
always appear in the same position in 
the spectrum, and that the position 
is the same as that occupied by the 
bright lines caused by the luminous 
vapors of different elements. Since 
about 600 of these lines were charted 
by Fraunhofer, they are known as 
Fraunhofer lines. 

From a consideration of Fig. 537, 
we can understand why the sun pro- 
duces absorptive spectra. The photo- 
sphere consists of highly compressed 
gases, which would form continuous 
spectra if the sun had no atmosphere. 
The chromosphere consists of luminous 
gases under less pressure. They would 
produce bright-line spectra, if they 
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could be examined alone. In the outer 
portions of the sun’s atmosphere, there 
are undoubtedly non-luminous vapors 
which absorb the waves that might pro- 
duce bright-line spectra, Hence the sun 
yields absorptive spectra. Better meth- 
ods of producing a long spectrum have 
been produced than those used by 
Fraunhofer. In such a spectrum the 
number of lines is almost unlimited. 

490. What is a spectroscope? The 
spectroscope is an optical instrument 
used for examining spectra. It consists 
of a prism, Fig. 538, mounted on a cir- 
cular protractor. The collimator tube 
receives light through a narrow slit, 
and transmits it through the lens 
so that the rays are parallel as they 
strike the prism, A small telescope 
magnifies the spectrum which is pro- 
duced by the prism. Cross-threads in 
the telescope may be focused on any 
line in the spectrum. Both the colli- 
mator tube and the telescope are 
mounted on a circular protractor, so 
that the angular position of any line 
may be carefully measured. 

491. What is meant by spec- 
trum analysis? Although Fraunhofer 
charted some of the dark lines in the 
solar spectrum as early as 1812, it was 
not until 1859 that the spectroscope 
began to be used for the analysis of 
compounds in testing for elements. At 
that time, Bunsen and Kirchhoff, two 
German chemists, introduced the use 
of the spectroscope for analytical work, 
We have seen that sodium compounds 
always give a bright yellow line when 
examined by a spectroscope. This test 
is so delicate that less than one mil- 
lionth of a milligram of sodium can be 
detected by means of the spectroscope. 
Several elements have been discovered 
in this way. In 1860 Bunsen discovered 
cesium and rubidium by the use of the 
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spectroscope. The former is so named 
because it gives two blue lines in the 
spectrum, and the latter because it 
yields two red lines. Several more 
new elements have been discovered by 
the use of spectroscopic analysis since 
Bunsen’s time. 

As early as 1868, helium was dis- 
covered in the sun’s atmosphere by 
Sir Norman Lockyer. It was not found 
in the earth’s atmosphere until 1895. 
By means of the spectroscope, astrono- 
mers are able to determine the composi- 
tion of the sun and other celestial 
bodies which are hot enough to be lu- 
minous. 

492. What causes the rainbow? 
When the sun shines upon drops of 
falling water, a solar spectrum may be 
formed. Water disperses light in the 
same manner as a prism, but reflection 
and refraction of light are also impor- 
tant in forming the rainbow. Fig. 539 
shows the path that a beam of sunlight 
takes in passing through a drop of 
water. As it enters the drop at A it is 
refracted; dispersal also occurs. The 
red ray suffers total reflection at R and 
the violet at V. When they leave the 
drop at B both rays are again refracted. 
The angle which these refracted rays 
makes with the horizon of an observer 
as he stands with his back to the sun is 
40° for the violet, and 42° for the red 
rays. In the actual bow which the ob- 
server sees, the red rays come from 
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Fig. 539, A rainbow is produced by refraction, 
total reflection, and dispersion of light. 
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drops of water at an angle of 42°, and 
the violet from those at an angle of 
40°. The other colors are formed by 
drops between these angles. The rain- 
bow is an arc, since the eye of the 
observer is at the tip of a cone from 
which he sees the colored rays refracted 
from drops in all directions at angles of 
from 40° to 42°. 

Sometimes a larger secondary bow is 
seen above the primary. The colors are 
here reversed, the violet being on the 
outside. The light is refracted from 
drops of water at an angle of from 
51° to 54°. It enters the lower part of 
the drop, is refracted and dispersed as 
in the primary bow, but it is twice 
totally reflected before it leaves the drop. 
For this reason more light is absorbed, 
and the secondary bow is always fainter 
than the primary bow. 

493. What is chromatic aberra- 
tion? Light passing through the edge 
of a lens undergoes spherical aberra- 
tion. In our experiment with the prism 
we learned that different colors have 
different indexes of refraction; there- 
fore light is also dispersed in passing 
through a lens. Since the violet light 
is bent more than the other colors, it 
is brought to a focus more quickly. 
(See Fig. 540.) A screen placed at S 
shows an inner ring of violet sur- 
rounded by the other colors. If the 
screen is moved to the position S’, the 
inner ring will be red. Images formed. 
by ordinary spherical lenses are always 
fringed. with spectral colors. The non- 
focusing of light of different colors is 
called chromatic aberration. 

494, What is the remedy for chro- 
matic aberration? The fringe of col- 
ors around the image formed by an 
ordinary lens is a nuisance. It inter- 
fered in the use of optical instruments 
until the latter part of the eighteenth 
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century. Then Dollond discovered that 
chromatic aberration can be remedied 
by using a combination of lenses. By 
using a double convex lens made of 
crown glass with a plano-concave lens 
made of flint glass, the dispersal of the 
light may be corrected without pre- 
venting refraction and image forma- 
tion. A lens combination of this type 
is called an achromatic (without color) 
lens. High-grade optical instruments 
are fitted with lens combinations which 
are corrected for both spherical and 
chromatic aberration. 

x495. Is interference of light pos- 
sible? Just as one sound wave may be 
so superimposed upon another as to 
strengthen or to diminish the sound, 
so one light wave can be superimposed 
upon another to produce interference. 
If we clamp together two round plates 
of glass, one of them plane and the 
other very slightly convex, we shall 
have between them a wedge-shaped 
film of air which is about as thick as 
the length of a light wave. If a sodium 
flame, which gives yellow light only, 
falls upon such a device, one can see 
alternate yellow and dark bands. Re- 
flection occurs from both surfaces of 
the glass, and of course the wedge- 
shaped film of varying thickness will 
cause some reflected waves to meet in 
the sarne phase and others in the oppo- 
site phase. Where they meet in the 
same phase we see the yellow bands. 
Where they meet in opposite phase, 
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Fig. 540. Chromatic aberration is a defect 
in lenses. 
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Fig. 541. A. Possible appearance of the end of 
a beam of light. B. Appearance of polarized 
light. 
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they interfere and produce dark bands. 
When sunlight falls upon the device, 
we see a band of spectral colors, since 
the wedge-shaped air film causes dif- 
ferent colors of different wave lengths 
to interfere at different positions. In 
the same manner, the air film between 
oil and water, or in a cracked piece of 
ice, will show spectral colors when 
viewed at an oblique angle in such a 
way that the film will be of varying 
thickness. It is difficult to explain in- 
terference of light by any theory ex- 

cept the wave theory. 
+496. What is diffraction? When 
the wave theory was proposed, its 
opponents argued that light waves 
should bend around corners and not 
cast shadows. It is possible to show by 
experiment that very short sound 
waves do cast shadows, and also that 
light waves under some conditions are 
bent out of their straight course. When 
light waves pass through an opening 
which is small in comparison with the 
lengths of light waves, they spread out 
and produce spectral colors as they in- 
terfere with one another. This phenom- 
Soyo Sia Plane of 
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Fig. 542. How tourmaline crystals are used 
to polarize light. 
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enon, which is called diffraction of light, 
may also be produced by reflection of 
light from a surface which is covered 
with exceedingly fine striations. 

By means of a diamond point, 15,000 
to 30,000 lines to the inch have been 
ruled on glass, or on speculum metal. 
Such a ruled plate is called a diffraction 
grating. With a glass grating, light is 
transmitted through the narrow space 
between the lines and spreads out, or is 
diffracted. Such a grating is much bet- 
ter than a prism for examining spectra, 
since the colors are spread out and the 
spectrum that is produced may be 
several feet in length. The plumage of 
some birds, and some changeable silks 
have a beautiful play of colors on ac- 
count of diffraction. One company is 
making cellophane with a striated sur- 
face. It gives a beautiful play of colors 
when so used for decorative effects that 
light can shine through it. 

x497. What is polarized light? If 
we could look at the end of a beam of 
light, we should probably see some of 
its transverse waves vibrating from 
side to side, some up and down, and 
others at various other angles as repre- 
sented in Fig. 541, Certain crystals, 
tourmaline for example, transmit only 
those waves which are vibrating in the 
same plane as the axis of the crystal. 
When light passes through such a 
crystal, we have polarized light. 

Suppose that we have two tourma- 
line crystals with their axes parallel, as 
in Fig. 542. A complex beam of light 
enters the first crystal at A and is 
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polarized; it passes through both crys- 
tals as a plane of polarized light be- 
cause both their axes lie in the same 
plane. Suppose we turn one of the 
crystals of tourmaline so that its axis 
is perpendicular to that of the other, 
as in Fig. 543. The light is polarized by 
the first crystal, but it is stopped by 
the second crystal and no light is trans- 
mitted through both of them. We can 
make a rope vibrate in an up-and-down 
direction through a picket fence, but 
not from side to side. Through hori- 
zontal slots we can make it vibrate 
from side to side, but not up and down. 
(See Fig. 544.) Through a lattice struc- 
ture, its vibrations in all directions 
are stopped. The tourmaline tongs of 
Fig. 545 may be used to demonstrate 
polarization. We can see through both 
crystals when their axes lie in the same 
plane, but we cannot see through them 
when their axes are perpendicular to 
one another. 

x498. What is the polariscope? 
This instrument has a polarizing crys- 
tal at one end of a tube two feet or more 
in length. Monochromatic light enters 
this polarizer and is polarized by it. 
At the end of the tube near which the 
eye is placed there is a similar crystal 
called an analyzer. It is mounted in a 
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Fig. 544. Rope vibrations are analogous to 
polarized light. 
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rotating head so that it may be turned 
through any number of degrees. Some 
chemicals have the ability to twist or 
turn a plane of polarized light. Glucose, 
sugar, tartaric acid, and some other 
organic compounds have this property. 

Suppose that we turn the analyzer so 
that it transmits no light at all. Then 
we may place a sugar solution in the 
tube between the polarizer and the 
analyzer. It will twist the plane of 
polarized light and permit it to pass 
through the analyzer. By finding out 
how many degrees the analyzer must 
be rotated to make the field dark again, 
it is possible to determine the per- 
centage of sugar in the solution. The 
amount of such rotation varies with 
the kind of substance and with the 
strength of the solution, The polari- 
scope is much used in sugar refineries. 
If it is graduated to read per cent of 
sugar directly, it is called a saccharim- 
eter. Substances which twist the plane 
of polarized light to the right are called 
dextro-rotatory. Dextrose is an example. 
‘A substance which twists the plane of 
polarized light to the left is said to be 
levo-rotatory. Levulose is a kind of 
sugar which takes its name because it 
has this property. 

499. What are some other uses 
for polarized light? For several years 
manufacturers of motor cars have been 
using polarized light to examine ma- 
terial to learn how it behaves under an 
applied stress. The strains in the ma- 
terial show clearly under polarized. 
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Fig. 545. Tongs which have tourmaline crystals, 
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Fig. 546A. This picture shows how an on- 
coming car appears to one who is driving at 
night. A driver meeting such a car is tempo- 
rarily blinded by the glare. It is difficult for 
him to see the edge of the highway. 
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Fig. 546C. A simultaneous picture of 546D 

taken through a non-polarizing absorption 

filter. There isso much glare that the street mark- 
ings are obscured from view, 
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Fig. 546B. In this view the on-coming cat 
is equipped with Polaroid headlight lenses. 
The other driver views the car and road through 
a Polaroid visor. Note the figure appearing 
from the rear of the car. 
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Fig. 546D. A glaring highway surface as 
seen through Polaroid material so set that: it 
blocks horizontal light vibrations reflected 
from the highway. Little or no glare. 
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light. Building materials, too, can be 
tested in the same way. The chemist 
not only uses polarized light to analyze 
sugar and certain chemicals, but he 
uses it to learn the identity of some 
tiny crystals. 

Many accidents on the highway have 
occurred because a driver was blinded 
by the headlights of an approaching 
car. A kind of sandwich glass contains 
tiny crystals which are capable of 
polarizing light. If the headlight lens 
is made of such a glass, which is known 
as Polaroid, such a lens will act just 
like the polarizer of a polariscope and 
permit only plane polarized light to 
pass. If the windshield of an approach- 
ing car is also fitted with such Polaroid 
glass, set at right angles to the plane 
of polarized light, it will act as the 
analyzer and cut off the glare from the 
approaching headlights. (See Fig. 547, 
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which shows the dark field caused by 
the overlapping of two pieces of Polar- 
oid glass.) It is possible, too, to buy 
Polaroid glasses. The driver who wears 
such glasses can see the light given by 
his own headlights, but he is not blinded 
by the headlights of an approaching 
car, provided the lenses of such a car 
are equipped with Polaroid glass. 


Fig. 547. No light is transmitted by crossed 
polarizers. 


Summary 


Since light waves of different color have different refrangibility, light 
is scattered or dispersed by refracting media. Dispersal from raindrops 
produces the rainbow. The dispersion of light by lenses which produce a 
color-fringed image may be remedied by the use of achromatic lenses. 

Color is analogous to pitch; it depends upon the length of the light 
waves, or upon the frequency of vibration. The color of an opaque object 
depends upon the color of the light it receives and upon the color of the 
light it can reflect. Any two colors that combine to produce white light 


are complementary. 
Incandescent solids, liquids, 


and compressed gases yield continuous 


spectra; luminous gases produce bright-line spectra. Gases absorb light 


waves of the same length they would emit if heated to luminosity. 


How many of the following terms can you define or explain? 


Dispersion of light The rainbow Three-color printing 
Color of transparent objects Interference of light Kinds of spectra 
Complementary colors Polarization of light Spectroscope ; 
Theory of color Color of opaque objects Chromatic aberration 
Retinal fatigue Primary colors Diffraction 


Fraunhofer lines 


Color blindness 


Polaroid glass 
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QUESTIONS 


1. Distinguish between a pigment and 
a color. 

2. Why is grass green? 

3. How will a person’s complexion ap- 
pear under a sodium vapor lamp? 

4. How can a spectroscope be used to 
detect small amounts of some metals? 

5. The element helium was discovered 
on the sun before it was discovered on the 
earth. How was this possible? 

6. How.can interference of light be used 
to test the flatness of a glass plate? 

7. What color will the United States 
flag appear to be if it is viewed through 
red glass? If it is viewed through blue 
glass? 

8. Why does staring at a prominent red 
object in bright light cause us to see blue- 
green as we turn away? 

9. Why does the mixing of pulverized 
yellow chalk and pulverized blue chalk 
give a green powder? 

10. In general, complementary colors 
offer good contrasts. How is this fact em- 
ployed in the selection of traffic lights? 

11. When buying a suit of clothes or a 
dress, why is it important to examine it in 
daylight, rather than under the incan- 
descent store lights? 

12. A dark green automobile goes through 
a tunnel illuminated with sodium vapor 
lamps. What color does it appear to be? If 
the tunnel were equipped with mercury 
yapor lamps, what color would the car be? 

13. Doppler’s principle applies to light 


waves. How might this be used to enable 
an astronomer to tell if a star were ap- 
proaching the earth or receding from it? 

14, Does an applicant for a driver's 
license in your state have to pass a test 
for color blindness? 

15. If you have a box of small skeins of 
yarn of different colors, how can you detect 
color blindness in a person? 

16. What colors offer the best visual 
contrast? 

17. A schoolroom wall viewed by incan- 
descent light appears green, while with day- 
light fluorescent tubes it is blue. Explain. 

18. If a blue spotlight is to be thrown on 
an actor, why should very little red be used 
in his make-up? 

19. Students in charge of the lighting 
for a school play used a blue spotlight anda 
yellow spotlight to shine dircctly on the 
leading actress. What was the effect of 
these lights when they were combined? 

20. Why might it be desirable for women 
to have two types of make-up, one for day- 
time, and one for evening wear? 

21. Natural teeth fluoresce under ultra- 
violet light. False teeth appear black. If an 
ultra-violet light is thrown upon an audi- 
ence, what, will be the effect? 

22. Photographic film is more sensitive 
to the blue-violet end of the spectrum than 
the red end. If a scientist wishes to illumi- 
nate a microscope slide to photograph the 
object on the slide, what kind of lamp 
would you suggest that he use? 
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i ge HAVE PROBABLY, AT ONE TIME OR ANOTHER, PLAYED 
with a magnet and have enjoyed watching it attract 
nails or small pieces of steel. You have noticed, too, that a 
rubber comb which has been rubbed against wool will pick 
up bits of paper, or attract strands of your hair. But have 
you ever thought that these two happenings might be re- 
lated? The first, of course, is an effect of magnetism, while 
the second is caused by static electricity. Magnetism and 
static electricity are not the same, but they are related, for 
magnets can produce electricity, and electricity can induce 
magnetism. 

Magnetism is a mysterious force, the nature of which is 
not completely understood. There appears to be some con- 
nection between the spinning electrons of certain atoms and 
their magnetic properties. We do know how to make mag- 
nets and also how we can cause a piece of steel to lose its 
magnetism. We know what materials can be magnetized, 
and in recent years we have been able to make new alloys 
that form very strong magnets. We know, too, that the 
earth itself acts as though it were a huge magnet, with north 
and south magnetic poles located a few hundred miles dis- 
tant from the geographic poles. Compasses point to these 
magnetic poles and enable us to travel over land and water 
with confidence. 

Static electricity has been observed for more than 2500 
years, but it is only in recent years that it has been em- 
ployed for anything more than a laboratory curiosity. Radio 
condensers and dust-removing equipment represent prac- 
tical applications of man’s knowledge of static electricity. 
Benjamin Franklin proved that lightning is an electric dis- 


charge by his kite and key experiment. The remarkable 
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thing about the experiment is that Franklin was not killed 
by the discharge! The experiment did arouse interest in 
electrical experiments, an interest that has grown until today 
we have learned infinitely more about this mysterious force 
called electricity. 

Static electricity parallels magnetism in some respects. 
There are two unlike poles to every magnet. Electricity is of 
two kinds, positive and negative. Magnetic poles which are 
alike repel each other; so do electric charges. Unlike mag- 
netic poles attract, and so do unlike electric charges. 

We all recognize the importance of electricity in modern 
everyday life. You will need a thorough understanding of 
the two topics of this unit—magnetism and static electricity 
—before going ahead to study electric currents and electric 
devices. 
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Unit Nine 
Chapter 21 


4. Nature of Magnetism 


500. Where are natural magnets 
found? In Magnesia, Asia Minor, beds 
of iron ore are found which have the 
property of attracting bits of iron or 
steel. This ore was discovered by the 
Greeks, and is called magnetite. This 
black iron ore is found also in the 
Adirondacks and in certain other lo- 
calities. Pieces of this ore are known as 
natural magnets. 

If an elongated piece of magnetite is 
suspended by means of a thread so 
that it will be free to swing or turn in 
any direction, we find that the magnet- 
ite will turn around until it assumes a 
line that is nearly north-and-south. For 
this reason natural magnets were called 
lodestones (leading stones). As early as 
the twelfth century, lodestones began 
to be used to indicate directions, much 
as the magnetic compass is now used. 

501. How can wemakea magnet? 
Probably before the Christian era, the 
ancients had learned how to magnetize 
iron by rubbing it on a piece of lode- 
stone, Lodestone is now little used, be- 
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cause artificial magnels which are much 
better than the natural magnets can 
be made easily. If we wish to make a 
magnet, we may use a bar of steel. 
Half of a steel knitting needle works 
satisfactorily. Holding the bar of steel 
in one hand, we stroke it with one end 
of a magnet, always beginning from the 
same end. To do so, the magnet must 
be brought back through the air to the 
end from which we started, as shown 
in Fig. 548. Other methods of making 
a magnet are discussed later. 

502. What materials are mag- 
netic? Everyone knows that a magnet 
will attract bits of iron and steel. Such 


South pole being 
formed here 
f 


North pole being 
formed here 


— <_— 
Return path for next stroke 


Fig. 548. The bar may be stroked as indicated 
in order to form a magnet. 


Vocabul ary SE 


Derctiwation on Variation, angular deflec- 
tion of the compass needle from true North. 

PERMEABLE, readily gathering in magnetic 
lines of force. 

Resmuat (residue), a part remaining. 

Inpucrion, the act or process by which a 
body becomes magnetized or electrified by 
the presence of a magnetized or electrified 
object. 


405 


Tsoconrc, pertaining to a line drawn through 
places having the same declination. 

Tsocrinic, pertaining to a line drawn through 
places having the same dip. 

DIAMAGNETIC, repelled in a magnetic field. 

PARAMAGNETIC, Very slightly affected in a 
magnetic field. 

PERMALLOY, a permeable alloy consisting of 

nickel and iron. 
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substances are called magnetic mate- 
rials. Two other metals, nickel and 
cobalt, are attracted by a magnet, al- 
though to a lesser degree. Some alloys 
have been made which are attracted 
by the magnet, too, but we generally 
think of iron and steel as the most im- 
portant magnetic materials. 

503. What materials are non- 
magnetic? Most common substances 
such as wood, copper, and glass are 
only very, very slightly affected by a 
magnet.. They are said to be paramag- 
netic. A few substances, such as zinc 
and bismuth are feebly repelled by the 
magnet, and are said to be diamag- 
netic. Both paramagnetic and dia- 
magnetic substances are often called 
non-magnetic materials. 

504. What is meant by polarity? 
Let us sift some iron filings on a sheet 
of paper, and lay a bar magnet in the 
filings. When the magnet is lifted we 
find that the filings cling to the mag- 
net at or near the ends only. (See 
Fig. 549.) The magnetic force appears 
to be concentrated at or near the ends 
of the magnet, at what are called the 
poles of the magnet. If a magnet about 
15 cm. long is used, we shall probably 
find that there are more iron filings 
clustered at a distance of about one 
centimeter from each end than at any 
other place. 

Let us suspend a bar magnet so that 
it can turn freely, as in Fig. 550, and 
permit it to come to rest. We shall 
then find that the magnet points in 
a nearly north-and-south direction. 


lagnetic force concentrated 
near ends 


Fig. 549. The filings are clustered around the 
poles. 
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There are two kinds of magnetic poles, 
That pole of a suspended magnet which 
points toward the north is called a 
north-seeking pole; it is sometimes 
called merely a north pole, or N-pole. 
The other pole is the south-seeking 
pole, which is sometimes called a south 
pole, or S-pole. 

505. What is the law of magnets? 
Given a magnet suspended as in Fig, 
550. If we bring the north-seeking pole 
of a second bar magnet near the north- 
seeking pole of the suspended magnet, 
we find that the two poles repel each 
other. If we bring the south-seeking 
pole near the south-seeking pole of the 
suspended magnet, we find that they 
repel each other. Hence we conclude 
that like magnetic poles repel. 

Let us continue the experiment and 
bring the south-seeking pole of the 
magnet near the north-seeking pole of 
the suspended magnet. We find that 
they attract. We also get attraction 
when we bring the north-seeking pole 
of the magnet near the south-seeking 
pole of the suspended magnet. We con- 
clude that unlike poles attract. We may 
state the LAW OF MAGNETS as follows: 


Fig. 550. Like poles repel. Unlike poles attract. 
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Like poles repel; unlike poles attract. 
The force of attraction is directly pro- 
portional to the strengths of the poles 
and inversely proportional to the square 
of the distance between them. (See law 
of gravitation.) A magnetic pole is said 
to be of unit strength when it repels 
an exactly similar pole one centimeter 
distant with a force of one dyne. 

506. What use has the magnetic 
compass? Since a magnetized needle 
that is free to rotate finally comes to 
rest in a nearly north-and-south line, 
it is possible to mount such a needle 
on a pivot and use it as a compass to 
show directions. (See Fig. 551.) After 
the invention of the mariner’s compass, 
sailors felt much safer sailing into un- 
charted seas. The student will recall 
from his study of history that the ex- 
plorations which led to the discovery 
of America followed rather shortly 
after the compass began to be used to 
indicate directions. Of course, the com- 
pass needle is not an infallible guide. 
It is affected by metal parts of ships. 
Later, too, we shall see that the north- 
seeking pole does not point even ap- 
proximately north in some regions. The 
gyro-compass and the radio compass 
are now largely used. 

507. There are temporary and 
permanent magnets. 1. Temporary. 
A piece of soft iron is easily magnetized 
but soon loses nearly all its magnetism. 
Hence, a magnet made of soft iron is 
only a temporary magnet. It is possible 
to make a magnet by winding a num- 
ber of turns of insulated wire around an 
iron core and passing an electric cur- 
rent through the wire. It becomes a 
magnet quickly when the current 
passes, and loses it quickly when the 
circuit is broken. For the core of such 
an electromagnet, soft iron or silicon 
steel is used. Silicon steel is an alloy 


Courtesy of Cunard White Star, Ltd. 


Fig. 551. The compass utilizes a magnetic 
needle. 


that has little refentivity; it loses its 
magnetism almost instantly. Nearly 
all temporary magnets retain a little 
residual magnetism. 

One alloy made of nickel and iron is 
called permalloy. It is so easily magnet- 
ized that if a rod of permalloy is held 
in a north-and-south line, it becomes 
slightly magnetized by the earth and 
will pick up small pieces of permalloy. 
Tf it is then rotated through 90° until 
it is in an east-and-west line, the bits 
of permalloy will fall off again. No 
known substance is so easily magnet- 
ized as permalloy; no substance loses its 
magnetism so easily and so completely. 

2, Permanent. It is difficult to mag- 
netize a piece of hard steel, but when 
steel is magnetized it retains its mag- 
netism well. Hence, steel is used for 
making permanent magnets. We say 
that its retentivity is high. Steel con- 
taining the metal tungsten alloyed with 
iron makes excellent permanent mag- 
nets. Some alnico magnets will lift 
about 50 times their own weight. 

508, How can steel be demagnet- 
ized? If we break the piece of knitting 
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needle which we magnetized, we do not 
destroy the magnetism. We shall have 
two more poles formed. Even if we 
break it into several pieces, there will 
always be two poles for each piece, a 
north-seeking pole and a south-seeking 
pole. Fig. 552 shows the effect of break- 
ing a magnet into two or more pieces. 
Next, let us hold a piece of the magnet- 
ized needle in the flame of a burner 
until it is red hot. When we let it cool 
‘and then try to pick up some iron 
filings, we find that it has lost nearly 
all its magnetism. We conclude that 
healing a magnet destroys its magnetism. 

A magnet will lose nearly all its mag- 
netism if we hold it in an east-and- 
west line and tap it repeatedly with a 
hammer. Care should be taken to avoid 
dropping, jarring, or pounding mag- 
nets. Another method of demagnetizing 
objects involves the use of alternating 
currents of electricity. 

509. What is meant by magnet- 
izing by induction? If we hold a bar 
magnet near or in contact with a soft 
iron nail, as shown in Fig. 553, the nail 
becomes a magnet by induction. This 
word comes from the Latin inductio, 
which means “the act of leading in.” 
Magnetism is led into the nail from the 
magnet. The nail retains its magnetism 
as long as the magnet is held near it or 
in contact with it, and it will pick up 
several tacks, but it loses its magnetism 
as soon as the magnet is removed. 
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Fig, 552. How is a magnet affected by being 
broken? 
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Magnetism produced in this manner by 
the presence of a magnet is called in- 
duced magnetism. 

By the use of a small compass needle 
it can be shown that the nail has 
polarity while the magnet is held near 
it, and also that each tack held by the 
nail is also a magnet by induction, 
That end of the nail near the north- 
seeking pole of the magnet becomes a 
south-seeking pole, and the more re- 
mote end becomes a north-seeking pole. 
When iron filings cling to a magnet, 
each filing becomes a temporary mag- 
net by induction. In fact, any piece of 
iron brought near a magnet becomes a 
temporary magnet. 

510. What are lines of force? If 
we place a smooth piece of cardboard 
over a bar magnet, sprinkle iron filings 
evenly over the cardboard, and then 
tap the board gently, the filings will 
arrange themselves along curved lines, 
as shown in Fig. 556. Such curved lines 
are called lines of force. If it were possi- 
ble to get an independent north-seeking 
pole (without the south-seeking pole) 
and place it at the north-seeking pole of 
a strong bar magnet, it would move in 
a curved path from the north-seeking 
pole to the south-seeking pole, as 
shown in Fig. 554, This would happen 
because it would be repelled by the 
north-seeking pole of the magnet and 
attracted by its south-seeking pole, in 
each case with a force inversely pro- 
portional to the squares of the dis- 
tances between them. The path that an 
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Fig. 553, The nail becomes a magnet by 
induction. How about the tacks? 
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Fig. 554. The line of force as indicated by 
the path of an independent N-pole. 


independent north-seeking pole would 
take in moving from the N-pole to the 
S-pole of a magnet is known as a line 
of force. 

Of course, it is impossible to get an 
independent north-seeking pole. If we 
use a Mayer’s floating magnet, which 
consists of a magnetized sewing needle 
thrust through a bit of cork large 
enough to float the needle, we can get 
a fair approach to the theoretical con- 
dition. A bar magnet is placed beneath 
the trough of water in which the needle 
floats. (See Fig. 555.) The S-pole of the 
needle is so much farther from the 
magnet than the N-pole that the path 
taken by the floating magnet is essen- 
tially a curve similar to that of Fig. 
554. 

511. What is a magnetic field? If 
we wish to use a compass needle, we 
must remove all pieces of iron to a dis- 
tance of a meter or more. The lines of 
force of a magnet extend out to some 
distance from the magnet. Any space 
permeated by lines of force is a magnetic 
field. Such a magnetic field is influenced 
by any magnetic material brought 
within the field, and it produces an 
inductive effect upon the magnetic ma- 
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Fig. 555, Path of a floating magnetic pole. 
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Fig, 556. Chart showing lines of force about 
a magnet. 

terial. A field of unit strength has one 
line of force, called a mazwell, per 
square centimeter. The area is always 
considered as perpendicular to the line 
of force. A magnetic field of unit in- 
tensity is called an oersted. 

512. How can we map a magnetic 
field? One can make a permanent chart 
of a magnetic field by pinning a blue- 
print paper over a magnet which rests 
in a grooved board so that the paper 
will lie flat. The work should be done 
in subdued light. If iron filings are 
sifted lightly and evenly over the sur- 
face of the paper, they will arrange 
themselves in the direction of the lines 
of force when the board is tapped 
gently. After the paper has been ex- 
posed to the light for a few minutes, the 
filings are poured off and the print is 
developed in the usual manner by sub- 
merging it in water. Fig. 556 shows the 
magnetic field with its lines of force 
about a single bar magnet. If two mag- 
nets are used with their like poles 
adjacent, the flexibility of the lines of 
force is clearly indicated. (See Fig. 557.) 


Fig. 558. When unlike 
we get attraction. 


poles are adjacent, 


We observe that the lines of force repel 
each other. They really act like elastic 
bands stretched from pole to pole of the 
magnet. When two magnets are used. 
with unlike poles adjacent, then the 
lines of force appear to pass from the 
north-seeking pole of one magnet to 
the south-seeking pole of the other. 
(See Fig. 558.) 

513. What are the properties of 
lines of force? From our study of 
lines of force we may make a summary 
of their properties: 

1. Aocording to the conception of 
physicists, the lines of force are closed 
curves, extending from the north-seek- 
ing tothe south-seeking pole through the 
air, and returning through the magnet. 

2. They do not cross one another, 
but they repel one another. Hence 
they are farther apart opposite the 
center of the magnet. 

3. We find the lines of force concen- 
trated at the poles; thus they show that 
the magnetic field is much stronger at 


Lines of force 


Fig. 559. Lines of force cut across the air gap. 
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or near the poles. They actually pic- 
ture the direction in which the mag- 
netic force acts. 

While such lines of force may seem 
to the beginner to be quite visionary, 
yet he will find that they play an im- 
portant part not only in magnetism, 
but also in practical electricity. 

514. What are magnetic trans- 
parency and permeability? In Sec- 
tion 512 we learned that magnetic force 
exerts its influence upon iron filings 
through blueprint paper. Let us repeat 
the experiment, covering the magnet 
with sheets of various metals in turn. 
We find that copper, tin, lead, zine, 
wood, glass, aluminum, and various 
other substances do not hinder at all 
the passage of the magnetic force 
through them. The filings seem to be 
affected as readily as if the substances 
were not present. We conclude that all 
these substances are transparent to 
magnetism, just as glass is transparent 
to light. In all cases we have used non- 
magnetic materials. 

Let us repeat the experiment, using 
asheet of iron between the magnet and 
the filings, The iron is not transparent 
to magnetism. The lines of force do 
not cross the iron; they enter the iron 
readily and follow a path within the 
iron itself. Fig. 559 shows the lines of 
force passing across the air gap be- 
tween the two poles of a horseshoe- 
shaped magnet. In Fig. 560, we see the 


Lines of force follow iron 


Fig. 560. Lines of force follow the soft iron 
ring. 
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effect of introducing an iron ring be- 
tween the two poles. The lines of force 
prefer the iron to any other medium. 
We say that iron is very permeable, 
since it readily gathers in lines of force 
and affords an excellent path for their 
transmission. 

515. Is the shape of a magnet im- 
portant? We know that some magnets 
are straight steel bars. If we bend such 
a bar around until it is shaped like a 
horseshoe, the two poles will be rather 
near together. The air gap between the 
two poles is thus decidedly reduced. 
Making a magnet horseshoe-shaped 
concentrates the lines of force and 
makes the magnetic field more intense. 
Compare the concentration of lines of 
force about a bar magnet, Fig. 556, 
with that of the horseshoe magnet, 
Fig. 561 A. When such a magnet is not 
in use, a small piece of steel called the 
armature is placed across the poles of 
the magnet, as in Fig. 561 B. Few lines 
of force enter the air, because the soft 
steel is so permeable. Bar magnets are 
packed in pairs, with unlike poles adja- 
cent. A small strip of soft iron or steel 
is placed across the poles at each end 


Armature affords 
path for lines 
of force 


) 
WY 
MH j 


a4 y 


NN 
\ WON 


A B 


Fig. 561. A. Lines of force produced by a 
horseshoe magnet. B. Effect of armature. 
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to afford an all-steel path for the lines 
of force. 

516. What is the theory of mag- 
netism? The theory of magnetism is 
complex, but a simplified explanation 
is as follows: When we break a magnet, 
we do not destroy its magnetism. Even 
if it is broken into tiny pieces, each 
little bit shows polarity. It seems prob- 
able that in a piece of iron or steel the 
molecules themselves are tiny magnets. 

In an unmagnetized bar of iron, the 
tiny magnet-molecules are probably all 
in a haphazard arrangement, as repre- 
sented in Fig. 562. The small rectangles 
in the figure represent the molecules, 
and the blackened ends represent their 
north-seeking poles. We know that two 
bar magnets laid side by side with un- 
like poles adjacent will each nullify the 
effect of the other. Hence, a bar of iron 
in which the molecules are all in a 
miscellaneous grouping will have no 
polarity. 

Now let us move a magnet along the 
bar, stroking it from left to right with 
the north-seeking pole. It attracts the 
south-seeking poles of the molecules, 


and each time we stroke the iron bar 


Magnetized 


Fig. 562. Top. Molecules in unmagnetized bar. 
Middle. Bar is partially magnetized. Bottom. 


Bar is saturated. 
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with the magnet, some of the molecules 
will be twisted around in the bar so 
that they tend to arrange themselves 
in the position shown in Fig. 562. 
The bar is now partially magnetized, 
and it shows some polarity. 

Suppose we continue to stroke the 
iron bar in the same manner. In time 
all the molecules will be arranged with 
their south-seeking poles toward the 
right, and their north-seeking poles at 
the left. The molecules will have the 
parallel arrangement shown in Fig. 562. 
The left-hand end of the newly mag- 
netized bar will be the north-seeking 
pole. 

517. How do the facts support the 
theory? We cannot prove that the 
theory of magnetism is correct, but we 
can make a list of several facts which 
furnish evidence of its correctness. 

1. The theory harmonizes with the 
manner of making a magnet. In mak- 
ing the magnet, we always begin at 
the same end to stroke the bar. If we 
stroke the bar in the opposite direction, 
the polarity is reversed. If we stroke 
back and forth, we disarrange the mole- 
cules and the polarity is lost. 

2. We know that heating a magnet 
to ared heat and pounding it removes 
the magnetism. The high temperature 
makes the molecules more mobile, and 
they swing into other positions more 
readily. Pounding or jarring the mag- 
net tends to disarrange the molecules, 

3. If we fill a glass tube with iron fil- 
ings and stroke it carefully with one 
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end of a bar magnet, we find that it has 
acquired polarity. Each filing has be- 
come a magnet by induction. If we dis- 
arrange the filings by shaking the tube, 
we destroy its polarity. It seems rea- 
sonable to suspect that each molecule in 
a piece of iron is an independent magnet. 

4. The theory helps to explain in- 
duction, A magnet brought near a piece 
of iron pulls enough of the molecules 
around into an orderly arrangement to 
produce polarity. Most of them swing 
back to their former position when the 
magnet is removed, 

5. In a piece of soft iron, the mole- 
cules are probably much more easily 
turned around than they are in hard 
steel. We know that the iron is easily 
magnetized, but since the molecules 
are more mobile, they will be more 
easily jostled out of their regular posi- 
tion. Hence, soft iron is easily magnet- 
ized and loses its magnetism easily. 
Steel is difficult to magnetize, but it 
retains its magnetism. 

6. Let us magnetize a knitting needle 
and then heat it red hot at a spot about 
two inches from one end. Now if we 
grasp the ends with pliers and twist 
sharply, the needle will be distorted at 
the spot where it was heated. After the 
needle has cooled, we find that iron 
filings will cling not only at the ends of 
the needle but also on either side of the 
spot that had been heated. Consequent 
poles are developed in this manner by 
the disarrangement of the molecules at 
some spot in the magnet. 


2. Terrestrial Magnetism 


518. The earth is a magnet. Wil- 
liam Gilbert, the physician of Queen 
Elizabeth, was the first Englishman to 
use experimental methods in order to 


test certain theories. As early as 1600 
A.D. he published De Magnete, a work 
containing many interesting facts that 
he had learned by his experiments. 
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Gilbert fashioned out of lodestone a 
small sphere which he called “terrella,” 
or “little earth.” When he placed small 
pivoted magnetic needles at different 
positions on this sphere, he found that 
their behavior was quite similar to that 
of magnetized needles at correspond- 
ing places on the earth’s surface. 

The earth in its effect upon mag- 
netized objects and magnetic materials 
acts as if it were a huge magnet. Its 
lines of force appear to be concentrated 
at the earth’s magnetic poles. In fact, 
the earth acts as it would if a large bar 
magnet 6000 miles long extended 
through the earth from one magnetic 
pole to the other. The magnetic pole 
of the northern hemisphere has been 
discovered at about 70° North Lati- 
tude and 96° West Longitude. The 
term north pole, or the N-pole, refers 
to that end of a compass needle which 
seeks the north. The South Mag- 
netic Pole of the earth has been dis- 
covered at about 72° South Latitude 
and 155° East Longitude. The earth’s 
lines of force may be considered mag- 
nelic meridians extending from one mag- 
netic pole to the other magnetic pole. 

519. What is magnetic declina- 
tion? Columbus seems to have been 
the first to notice variations in the di- 
tection of the compass needle in differ- 
ent localities. As he sailed farther and 
farther west over strange seas, his com- 
pass readings seemed to become less 
accurate. His sailors became so thor- 
oughly alarmed at the strange behavior 
of the compass needle that they threat- 
ened to mutiny and throw Columbus 
overboard. 

If the earth’s North Magnetic Pole 
were exactly coincident with its North 
Geographic Pole, then the north-seek- 
ing pole of a compass needle would 
always point to the true north, But the 
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North Magnetic Pole is actually some 
20° or about 1400 miles south of the 
North Geographic Pole. All north-and- 
south lines, or meridians, pass through 
the North Geographic Pole. But the 
north-seeking pole of a compass points 
to the North Magnetic Pole. For that 
reason, in most localities the compass 
needle varies from the true north, and 
we have magnetic declination. The angle 
between the true north, and the north 
as indicated by the compass needle, is 
called the angle of declination; it is the 
angle of deflection from the true north. 

On the map or chart, Fig. 563, we see 
that there is a line of zero declination 
which passes through Canada, Michi- 
gan, Ohio, eastern Kentucky and Ten- 
nessee, and South Carolina. At places 
on the earth’s surface through which 
this line passes the compass needle 
points to the true north. Such a line 
is called an agonie (meaning “without 
angle”) line. Lines drawn through 
places which have the same declina- 
tion are called isogonic (meaning “the 
same angle”) lines. Places east of the 
agonic line have west declination, since 
the compass needle points west of 
north. Places west of the agonic line 
have east declination. 

The angle of declination varies 
slightly from year to year. In 1831 
when the earth’s North Magnetic Pole 
was found by Sir James Ross, it was 
located at 70° and 30’ N. Latitude, and 
95° W. Longitude. In the year 1905 it 
was again located by Captain Amund- 
sen almost 2 degrees farther west. Its 
position at that time was about 70° 
and 5’ N. Latitude, and 96° and 46’ W. 
Longitude. This slow westward migra- 
tion of the magnetic pole causes the 
variation in the declination. Before a 
surveyor begins the survey of an unex- 
plored tract of land, he establishes a 
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Fig. 563. Chart of the United States, showing isogonic lines. 


north-and-south line and measures the 
declination. 

520. What is magnetic inclina- 
tion or dip? If we place a small com- 
pass on a bar magnet and slide it along 
from one end to the other, near the 
middle it stands in a horizontal posi- 
tion. It dips when placed at either end 
of the magnet. 

A compass needle mounted on a hori- 
zontal axis so that its dip may be meas- 
ured is called a dipping needle. (See 
Fig. 564.) At some places on the 
earth’s surface midway between the 
magnetic poles the dip is zero. A line 
drawn through these places on the 
earth’s surface having zero dip is 
called the magnetic equator. It is an 
aclinic line. Lines drawn through 
places having the same dip or inclina- 
tion are called isoclinic lines, At the 


magnetic poles the needle stands at an 
angle of 90°, or in a vertical position. 

521. How can we show the induc- 
tive action of the earth? Pieces of 
iron which have been lying in contact 
with the earth for some time usually 
show some signs of polarity. This is 
especially likely to be true if they lie 


Fig. 564. A dipping needle. It is used to 
measure inclination, 
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parallel to the earth’s magnetic merid- 
ian. Since the earth acts as if it were a 
huge magnet, magnetic materials in 
contact with it are magnetized by in- 
duction. Let us hold an iron rod in the 
direction of the earth’s meridian with 
the north end slanting down at an angle 
of about 70°. If we strike the rod a few 
blows with a hammer, it will when 


415 


tested be found to have polarity. Now 
let us reverse the rod and strike it as 
before. When it is again tested for mag- 
netism, the polarity is found to have 
been reversed. The rod may be demag- 
netized by holding it at right angles to 
the magnetic meridian (East and West) 
and striking it a few sharp blows with a 
hammer. 


Summary 


A magnet may be made by stroking a bar of steel with a lodestone, 
always beginning at the same end. Its magnetism may be destroyed by 
heating it, or by pounding it, if it is held at right angles to the magnetic 
meridian. 

The magnetic force appears to be concentrated at or near the ends of 
the magnets at points called poles. The north-seeking pole of a freely 
swinging magnet seeks the North Magnetic Pole. 

Like poles repel; unlike poles attract. A single line of force is called a 
maxwell. A line of force perpendicular to an area of one square centi- 


meter gives a magnetic field of unit strength; it is called an oersted. 


The earth is a huge magnet. 


terials near or in contact with it, ma 


The compass needle does 


Tt acts inductively upon magnetic ma- 
gnetizing them. 
not point to the true north at all places. 


The angle of deflection of the magnetic needle from the true north is 


called magnetic declination. 


How many of the following terms and phrases can you define or explain? 


Natural and artificial magnets Transparency Retentivity 
How to make a magnet Theory of magnetism Magnetic induction 
Laws of magnets Declination Permeability 
Residual magnetism Magnetic materials Magnetic fields 
Demagnetization Polarity Earth is a magnet 


Lines of force 


Magnetic compass 


Inclination 


QUESTIONS 


1. How can you prove that a piece of 
steel is magnetized? Is attraction a con- 
clusive test? Explain. 

2. How can you show the location of 
the magnetic force of a magnet? 

3. Explain what is meant by the law of 
magnets. 

A. According to the theory of mag- 
netism, why is cast iron only temporarily 
magnetized, while steel may be perma- 
nently magnetized? 

5. How can you account for the irregu- 


larity of the magnetic deflection in Min- 
nesota? (See Fig. 563.) : 

6. Why will steel posts which have 
been imbedded in the earth show polarity? 
Will the bottom of such a post be a North 

Je or a South pole? 
Pi 7. What is a line of force? How can they 
be used to map a magnetic field? 

8. Will magnetic materials be trans- 

ent to magnetism? Explain. | 
E Will non-magnetic materials be per- 


meable to magnetism? Explain. 
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10. Explain in terms of the theory of 
magnetism why breaking a magnet pro- 
duces two new magnets. 

11. What is magnetism by induction? 
How is it produced? 

12. Why should navigators have maps 
showing the magnetic declination? 

13. Explain how a gyrocompass will con- 
tinue to point to true North after once 
having been set in that direction, regardless 
of the movement of the vessel in which it is 
mounted. 

14. What is an agonic line? An isogonic 
line? An aclinic line? An isoclinic line? 

15. If two bar magnets are held to- 
gether with unlike poles adjacent they 
show little attraction for magnetic mate- 
rials. If, however, they are held with like 
poles together, they show increased attrac- 
tion. Explain. 

16. Why is it necessary for scientists 
working near the intense magnetic field of a 
cyclotron to leave their watches in a special 
steel cabinet outside the room in which the 
cyclotron is being operated? 
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17. Which direction will the North Mag. 
netic Pole be from the North Geographic 
Pole? 

18. How would you expect a dipping 
needle to be affected by the presence of 
large beds of magnetic iron ore? 

19. From Fig. 563, determine what di- 
rection the North-seeking pole of a com- 
pass would point at (a) New York; (b) At- 
lanta; (c) Fort Worth; (d) Los Angeles. 

20. A ship made almost entirely of wood 
was sent out by the Carnegie Institution to 
make magnetic surveys. What are the ad- 
vantages of such a wooden ship, and why 
must such surveys be made from time to 
time? 

21. When a horseshoe-shaped magnet is 
stored, a small piece of metal, called an 
armature, is placed across the two poles. 
Why? With the armature in place, can this 
magnet be used to attract magnetic ma- 
terials? 

22. Why is it often difficult to perform 
magnetic experiments on laboratory desks 
equipped with water and gas pipes? 


Dept. of Extension 
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Electricity 


522. Static electricity was known 
to the ancients. As long ago as the 
year 600 B.C., the Greek philosopher 
Thales is said to have discovered that 
apiece of amber which has been rubbed 
with flannel attracts small pieces of 
paper or pith. Nothing of value came 
from his discovery, and it seems to have 
been about 2200 years before any one 
discovered that many substances have 
the same property. 

About 1600 a.p. William Gilbert, 
whose experiments on magnetism we 
have studied, made the discovery that 
different kinds of material can be ex- 
cited by means of friction just as amber 
can. He gave the name electricity (from 
the Greek word for amber, elektron) to 
the phenomenon produced in this man- 
ner. He showed, too, that electricity 
and magnetism are not identical, al- 


— Static or Frictional 


flying a kite in a thunderstorm. He 
proved for us that lightning and elec- 
tricity are identical, and that lightning 
is caused by atmospheric electricity. 
He also introduced the names of posi- 
live and negative for the two kinds of 
electricity. 

523. Electricity can be produced 
by friction. No doubt you have no- 
ticed the crackling sound produced by 
stroking a cat’s back in dry, cold 
weather. In winter one can shuffle 
around over a rug or carpet and de- 
velop enough electricity by friction to 
make a spark when the light switch is 
touched. If your hair is dry, it flies out 
in all directions when you use a plastic 
comb. The electrified comb will attract 
bits of paper. 

To detect the presence of a charge of 
electricity we may use a pith ball elec- 


though they have some properties in “troscope- It-eonsists merely of a ball of 
common. —pith suspended from a support by 

In 1672 Otto von Guericke, whom means of a silk thread. If we electrify 
we have already met, constructed a a glass rod by rubbing it with silk, 
crude electrical machine for producing and hold the electrified rod near the 


slalic (at rest) electricity. Tt consisted 
of a sphere of sulfur mounted on an 
axis. When the sphere was turned, the 
hand held against its surface was elec- 
trified. 

In 1752 Benjamin Franklin per- 
formed his well-known experiment of 


pith ball, we find that it is first at- 
tracted to the rod, and then repelled. 
(See Fig. 565.) The same effect is pro- 
duced if we rub a rod of vulcanite 
(hard rubber) with flannel or catskin 
and then hold the rod near the electro- 
scope. It is interesting, too, to find that 


Vocabulary er S 


Execrnoscopr, an instrument which is used 
to detect the presence of an electric charge 
or of electricity. 

NSULATOR, a non-conductor of electricity. 

Vour, the unit of electrical pressure, 


Ampere, the unit of current strength. 
Oum, the unit of electrical resistance. 
Conpucror, a substance that transmits elec- 


PorEnTIAL, voltage or electrical pressure. 
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tric current. 
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Pith ball attracted 
and then repelled 


Fig. 565. A pith ball electroscope. 


the silk, flannel, and catskin also show 
signs of electrification when tested with 
the electroscope. 

524. There are two kinds of elec- 
tricity. Let us charge a glass rod by 
rubbing it with silk and then suspend 
it by a silk thread as shown in Fig. 566. 
If we bring near it a second glass rod 
charged in the same manner, the rods 
repel each other. If we bring near the 
suspended glass rod a piece of vulcanite 
which has been electrified by rubbing 
it with catskin, we find that the two 
rods attract. By the same method it 
can be shown that a charged vulcanite 
rod suspended in the same manner is 
repelled by a similarly charged vulcan- 
ite rod, but attracted by a glass rod 
electrified by rubbing it with silk, What 


Rods of like charge repel g 
Fig. 566. Like charges repel. 
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must we conclude? It seems obvious 
that there are two kinds of electricity, 

An electric charge produced on a 
glass rod by rubbing the rod with silk 
is called a positive charge, or positive 
electricity. That kind of an electric 
charge produced on a vulcanite rod by 
rubbing it with a piece of catskin is 
called a negative charge, or negative elec- 
tricily. Sometimes they are called plus 
and minus charges. The LAW OF ELEC- 
TRIFICATION may be stated as follows; 
Like electrical charges repel; unlike elec- 
trical charges attract. 

525. What is an electroscope? 
When a charged rod is brought near a 
pith ball electroscope, the pith ball is 
first attracted to the rod, and then re- 
pelled. The charge from the rod spreads 
out over the pith ball until both are 
charged with electricity of the same 
sign. Then repulsion occurs. A more 
sensitive electroscope is shown in Fig. 
567. It consists of a brass rod terminat- 
ing at one end in a brass ball or disc. 
The rod is thrust through a rubber 
stopper and suspended in a glass flask. 
To the lower end of the rod two strips of 
gold leaf or aluminum foil are attached. 
An electric charge applied to the ball 
or disc spreads down over the rod to 
the leaves or foil. Since both leaves are 
thus charged with electricity of the 
same sign, they repel one another. 

To avoid tearing the leaves by the 
application of too intense a charge, a 
proof-plane is often used. Such a device 


Fig. 567. A simple gold 
leaf electroscope. Alumi: 
num foil is often used. 
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may be made by cementing a penny to 
a rod of glass or of vulcanite. In use, 
the penny is first touched to the 
charged object and then to the knob 
of the electroscope. An efficient elec- 
troscope of the type shown in Fig. 568 
may be used to detect the presence of an 
electric charge, to determine its sign, or 
to measure ils intensity. Such an elec- 
troscope is used in the study of radio- 
active material. 

526. What are conductors and 
insulators? Let us support the ball B 
of Fig. 569 by a silk thread and then 
join the ball to the knob of an electro- 
scope by means of a copper wire. If the 
ball B is then charged electrically, the 
charge is conducted or led along the 
copper wire to the electroscope, whose 
leaves diverge. If we repeat the experi- 
ment, but connect the ball to the knob 
of the electroscope by means of a silk 
thread, any charge applied to the ball 
B does not travel to the electroscope, 
and there is no divergence of its leaves. 

Materials which readily transmit an 


electric charge~are~called—conductors. 


The metals are-good-conductors. Silver 
is the best conductor known. Copper 
and aluminum are also-very good con- 
ductors. 

Materials which do not readily con- 
duct an electric charge are called in- 
sulators. Among the best insulators we 
find the following: mica, rubber, gutta- 
percha, bakelite, paraffin, shellac, oils, 
silk, wool, sulfur, and dry air. No con- 


Metal disc” 


Fig. 568, An elec- 
troscope that can be 
used to measure the 
LJ intensity of the charge. 


ag 


ductors are perfect since even the best 
- offer some resistance to the passage of 
electricity through them. On the other 
hand, no insulator is perfect; hence the 
term “conductance” is a relative one. 
Cotton, wood, impure water, and acids, 
bases, or salts in water solution are 
sometimes called semi-conductors. 

527. What is the theory of elec- 
tricity? The force which is called elec- 
tricity has caused philosophers to 
wonder. We know electricity best from 
a study of the effects which it produces. 
It rings our doorbells, heats our perco- 
lators and toasters, drives our subway 
cars, supplies us with light, and.may 
be used to electrocute criminals. We 

-may mention Franklin’s theory before 
we consider the more modern electron 
theory. 

Franklin’s theory. In his theory of 
electricity, Benjamin Franklin assumed 
that electricity is a fluid. He assumed 
that any object which is positively 
charged has an excess of electrical fluid; 
if an object has less electricity than 
normal, he considered it as negatively 
charged. Just as heat is believed to 
flow from bodies of high temperature to 
those of lower temperature, so Frank- 
lin assumed that electricity flows from 
positive (plus) to negative (minus). Al- 


Fig. 569. Some materials conduct electricity. 
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though Franklin’s theory is out-of-date 
and certainly incorrect, yet it has 
been used for so long that most books 
still use diagrams that represent 
electric current as flowing from the 
positive terminal to the negative ter- 
minal. It is certain that the electric 
current consists of a stream of elec- 
trons which flow from the negative 
terminal to the positive. In the dia- 

~grams of nearly all radio hookups the 
modern theory is used today. 

The electron theory. This theory as- 
sumes that all matter consists of both 
positive and negative electricity. We 
have already discussed the theory that 
matter is made up of molecules and 
that the molecules in turn are made 
up of atoms. According to the electron 
theory, all atoms contain one or more 
positively charged particles called pro- 
tons. The proton has about the same 
weight as the lightest atom, which is 
the hydrogen atom. According to the 
Bohr theory, the nucleus of the atom 
always contains these protons, and may 
have one or more neutrons. Revolving 
about the nucleus as bees swarm about 
a hive, are tiny particles called elec- 
trons. All electrons are alike, and each 
is about y¢4zq as heavy as a hydrogen 
atom. The properties of elements de- 
pend mostly upon the number and ar- 


77 Single electron 
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Fig. 570. The sodium atom is believed to have 
a single electron in its outer ring, or shell, 
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rangement of the rings of planetary 
electrons which are revolving around 
the positively charged nucleus. 

528. How does the theory apply? 
1. Chemically. The hydrogen atom has 
only a single planetary electron, but 
the heavy atoms have several score, 
In the normal atom, the sum of the 
negative charges of the external elec- 
trons exactly equals the charge on 
the positive nucleus, Such an atom is 
neutral, and it shows no sign of electri- 
fication. The sodium atom, represented 
in Fig. 570, has eleven electrons in all, 
two in an inner ring or sphere, eight in 
a second ring or sphere, and a single 
electron in its outer ring. The chemical 
symbol for sodium is Na; it has a tend- 
ency to give up its outer electron. 
When we take an electron (e) from 
the sodium atom, then it becomes posi- 
tively charged. 


Na — (e) = Nat. 
It is now a sodium ion. Fig 571 repre- 
sents an atom of chlorine with seven- 
teen electrons, seven in the outer ring. 
Its symbol is Cl. But the chlorine 
has a tendency to take another elec- 
tron. In this way it acquires a nèga- 
tive charge. 

Cl + (e) = Cr. 
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Fig. 571. The chlorine atom is believed to have 
seven electrons in its outer ring, or shell. 
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Fig. 572, In forming table salt, 
It becomes a chloride ion. The positive 
sodium ion, Na*, unites with the nega- 
tive chloride ion, Cl-, and forms com- 
mon table salt, NaCl. (See Fig. 572.) 
Many chemical changes occur in such 
a manner. 

2. Electrically. A glass rod is made 
up of protons and electrons. In all 
solids the protons are believed to be 
fixed and the electrons to be trans- 
ferable. If the numbers of electrons and 
protons are equal, the glass rod has no 
electrical charge. When we rub the glass 
rod with silk, some of the electrons 
leave the glass and are transferred. to 
the silk. The glass is now deficient in 
electrons; it has a positive charge. The 
silk has an excess of electrons; its charge 
is negative. When we rub a vulcanite 
rod with catskin, electrons are trans- 
ferred from the catskin to the vulcanite. 
Thus the vulcanite acquires a nega- 
tive charge, and the catskin a posi- 
tive charge. If we wrap the yulcanite 


Rod shares its 
excess electrons 
with disc. 
Both negative. 


Fig. 573, The rod shares its excess electrons 
with the metal disc. 


Electron from 30) D 


sodium atom / 
goestothe / 
chlorine 
atom 


421 


the sodium atom transfers its outer electron to the chlorine atom. 


rod up in the catskin and hold both 
near an electroscope, there is no sign 
of electrification. To have electrifica- 
tion, there must be either an excess of 
electrons, or a deficiency of electrons. 

529, How can we produce elec- 
trification? 1. By contact. Suppose we 
have a negatively charged rod of vul- 
canite. It has an excess of electrons. Sup- 
pose we touch the rod with a proof 
plane, as shown in Fig. 573. The rod 
shares its excess electrons with the 
proof plane, since some of the electrons 
flow over to the proof plane immedi- 
ately. We say that the proof plane has 
been charged by conduction, or by 
contact. 

Tf we touch a positively charged. 
glass rod with the proof plane, then 
electrons will flow from the proof plane 
to the glass rod to help equalize its de- 
ficiency in electrons. Both will now 
have a positive charge. (See Fig. 574.) 
An object charged by contact always has 


Some electrons 
from disc 
flow to rod. 
Both are deficient’ 

in electrons. 


Fig. 574. Charging by contact. Both are of like 
sign. 
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the same sign as the object with which it 
was brought into contact. 

2. By induction. Let us next study 
the effect of bringing a charged rod 
near a conductor, but not into contact 
with it. The conductor A B of Fig. 575 
is insulated from the earth. It has just 
sufficient electrons to neutralize its pro- 
tons. Hence it is not electrified. A rod, 
C, which has an excess of electrons 
(negative charges) is now brought near 
the conductor. Immediately the elec- 
trons are repelled to the remote end of 
the conductor. A charged rod brought 
near a conductor induces electricity of 
the same sign in the remote end of the 
conductor and it induces-electricity of 
the opposite sign in the near end of the 
conductor. When the rod is removed, 
‘the electrons spread over the conduc- 
_ tor as before. 

When we bring a positively charged 
rod near the conductor, then the elec- 
trons are attracted to the near end of 
the conductor, leaving the more re- 
mote end with a deficiency of electrons. 
The separation of the two small pith 
balls beneath the conductor shows its 
charged condition. They fall together 
again when the rod is removed. 
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Fig. 575. Charging a rod by induction. 
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530. How can we charge an elec- 
troscope by induction? In Fig. 576A 
we have an uncharged electroscope. 
There is neither an excess nor a de- 
ficiency of electrons. If we hold a nega- 
tively charged rod near the knob of 
the electroscope, as in Fig. 576B, the 
electrons are repelled and stream away 
to the opposite side of the knob and 
to the leaves. Thus the leaves are 
charged negatively. The leaves diverge 
widely, since both are charged with 
the same sign. If the rod is removed, 
the electrons will again distribute 
themselves uniformly over the knob 
and leaves, and there will be no evi- 
dence of electrification. 

Suppose, however, that we touch the 
knob with a finger while the rod is still 
held near the knob, as in Fig. 576C. 
Now the electrons will be repelled 
through our body, which is a fair con- 
ductor, to the earth. Since the electrons 
have been driven from both the knob 
and the leaves, they will be left with a 
positive charge. If the rod is removed 
while the finger still touches the knob, 
the electrons will return, and the elec- 
troscope will have no charge. 

Instead of removing the rod while 
the finger still touches the knob, let us 
remove the finger first. The electrons 
were repelled to the earth through the 
body. The rod keeps them from coming 
back. (See Fig. 576 D.) Like charges re- 
pel. After the finger has been removed, 
the rod may then be removed, since the 
electrons do not readily return through 
the air, which is an insulator. The elec- 
troscope is now charged with positive 
electricity, as shown in Fig. 576E. 

We can charge an electroscope nega- 
tively, if we hold a charged glass rod 
near the knob, touch the knob, and 
then remove the finger before the ro 
is removed. 
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Fig. 576. The electroscope at A has no charge. It is being charged by induction at B. At C, the 
charge is being grounded. At D, the finger is removed. At E, the electroscope is positively charged. 


A charged electroscope may be used. 
to determine the sign of an electric 
charge. For example, a proof plane is 
touched to the object of unknown sign 
and then brought in contact with the 
knob of a positively charged electro- 
scope. If the sign of the unknown body 
is positive, the divergence of the leaves 
is increased; if the sign is negative, the 
divergence is diminished. 

531. Where does the electric 
charge reside? When the great Sir 
Humphry Davy was asked what he 
considered his greatest discovery, he 
replied: “ Michael Faraday.” We shall 
hear a great deal about Michael Fara- 
day, one of the greatest scientists who 
ever lived. To show where the electric 
charge resides, Faraday used a silk bag 
of conical shape like that of Fig. 577. 
When the bag is electrically charged 
and then tested, it is found that the 
electric charge is on the outside of the 
bag. By pulling the string, the bag may 
be turned inside out. A further test 
shows that the charge is again on the 
outside of the bag, and that the inside 
shows no electrification. 

A hollow sphere open at the top may 
also be used. The electrical charge may 


be applied to the inside surface of the 
sphere, but when both surfaces are then 
tested for electrification, we find that 
the electric charge is on the outside of the 
conductor. This is not so strange as it 
may seem, if we remember that the 
object is charged with electricity of 
the same sign throughout. Since like 
charges repel, they take up more re- 
mote positions on the outside surface. 

Fig. 578 represents a hollow metal 
tube mounted on an insulated stand. 
Two pith balls are suspended from a 
hook placed on the outside of the cylin- 
der, and two pith balls are hung from 
a loop on the inside. If the cylinder 


Electric charge” 
on outside 


Fig. 577. Faraday’s experiment. 
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is connected by means of a chain or 
wire to an electrical machine, the pith 
balls on the outside will diverge when 
the machine charges the cylinder, but 
those inside are not affected. All these 
demonstrations prove that an_ electric 
charge resides on the outside of a con- 
ductor, or even on the outside of the silk. 
bag. 

An electroscope may be protected by 
surrounding it with a wire screen. Then 
it is not influenced by any charged ob- 
jects which are brought near it, since the 
charge spreads over the outside of the 
screen, and does not affect the inside. 

532. Is the shape of the conduc- 
tor important? If we charge an egg- 
shaped conductor like that shown in 
Fig. 579 with electricity, and then test 
it with a proof plane, we find that all 
parts are not equally charged. The 
density is greater at the small end than 
at the large. If we increase the curva- 
ture by making the surface more 
pointed, the density will be still more 
increased. The electrical densily, or the 
quanlily of electricity per unit area, is 
greatest at the point of greatest curvature. 
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Fig. 578. The charge resides on the outside of 
a conductor. > 
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533. What is the effect of points? 
Suppose we make the egg-shaped con- 
ductor of Fig. 579 still more pointed, 
The intensity of the charge is again in- 
creased. Increasing the degree of curva- 
turemakes the conductor more pointed. 
The density of the charge becomes so 
great that some of the surrounding air 
molecules are ionized. An ion is de- 
fined as an atom or a group of atoms that 
has an excess or deficiency of electrons. 
Some molecules lose electrons and 
form positive ions; others gain elec- 
trons and form negative ions. Those 
ions which are charged with the same 
sign as the conductor itself are repelled 
with sufficient velocity to produce what 
is termed an electrical wind. Those air 
molecules which are charged with op- 
posite sign from the conductor are at- 
tracted to the conductor and tend to 
neutralize its charge. Hence a pointed 
conductor loses its charge rapidly. Such 
leakage of electricity from points on 
the surface of a charged object is spoken 
of as the discharging effect of points. 

A charged electroscope may be dis- 
charged rapidly by holding a needle a 
few inches from the knob. The point of 
the needle becomes electrified by in- 
duction, and discharges to the knob, 
electricity of opposite sign which neu- 
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Fig. 579. How the shape of a conductor affects 
intensity of charge. 
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tralizes the charge upon the knob of 
the electroscope. 

534. What is electrical pressure? 
We know that water flows from a tap 


when there is sufficient pressure to 


push the water out of the pipes. In a 
similar manner, we have learned to 
think of electricity as acting like a fluid. 
An electric charge in motion is called an 
electric current. We may think of it as a 
stream of electrons flowing along a con- 
ductor. We cannot have an electric cur- 
rent, however, unless the pressure at 
one end of the conductor is greater 
than it is at the opposite end. Let us 
carry the analogy a little further: 
Given an apparatus like that shown 
in Fig. 580. Water poured into the left 
side of the apparatus exerts pressure 
against the stopcock. The pouring in of 
more water increases the pressure by 
increasing the depth. There is no cur- 
rent, however, because the stopcock 
offers too much resistance. If we re- 
move most of the resistance by opening 
the stopcock, then water flows from A 
to B until the back pressure exerted by 
the water in arm B exactly equalizes 
the pressure at A. The rate of flow 
must depend upon two things: (a) The 
difference in pressure between the two 
arms; (b) The size of the opening in the 
stopcock. The greater the difference in 
pressure, the faster the flow; the larger 


Higher 
pressure here 


Low pressure 


Fig. 580, Water pressure is similar to electrical 
Pressure, 
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the opening in the stopcock, the faster 
the flow because the resistance or fric- 
tion is less. We may assume that the 
amount of current will be directly pro- 
portional to the effective pressure, and 
inversely proportional to the resistance 
which is offered by the friction of the 
stopcock and pipes. 

For comparison, we have two metal 
balls, A and B, separated by an air gap. 
(See Fig. 581.) If the ball A is electri- 
cally charged, pressure is exerted, simi- 
lar to the water pressure at A of Fig. 
580. The more intense the charge, the 
greater the pressure. No current will 
flow to B, however, because the air gap 
is an insulator and acts in the same 
manner as the stopcock. When we join 
A and B by means of a copper wire, 
the resistance is decreased, and an elec- 
tric current or a stream of electrons 
flows from A to B until both balls have 
the same electrical pressure. Here, too, 
the strength of the current depends 
upon two things: (a) It is directly pro- 
portional to the difference of pressure 
between the balls; (6) It is inversely 
proportional to the resistance of the 
wire. 

The beginner in the study of elec- 
tricity must quickly familiarize himself 
with three units which electricians use: 
(a) The volt, which is the unit of electrical 
pressure; (b) the ampere, which is the 
unit of current strength; and, (c) the ohm, 
which is the unit of electrical resistance. 
The term electro-motive force (E.M.F.) 
is sometimes used to denote pressure. 


Electric 
pressures 
unequal 


Fig. 581. The balls show a difference In electrical 
pressure. 


Fig. 582. Benjamin Franklin (1706-1790) 
was an American scientist and inventor. Every 
schoolboy knows the story of Franklin and 
his kite. He invented the lightning rod and 
the Franklin stove which supplanted the old 
fireplace. 

Voltage, too, is sometimes spoken of 
as electric potential. The available pres- 
sure, or the effective pressure, is known 
as the difference of polential, abbrevi- 
ated as P.D. The earth itself is con- 
sidered as zero potential. Any object 
whose potential is higher than that of 
the earth is considered positive; if its 
potential is lower than that of the earth, 
it is considered negative. 

535. What may happen when we 
build up pressure? It is casy to con- 
ceive that the pressure at A, Fig. 580, 
might be increased to such a degree 
that the stopcock would give way, or 
that leakage might occur. Likewise, it 
is not difficult to imagine the possi- 
bility of building up the pressure upon 
ball A until the electric charge breaks 
across the air gap to ball B. This is 
exactly what happens when an electric 
spark is produced by an electrical ma- 
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chine, or by stroking the fur on a cat’s 
back. When such an electrical discharge 
takes place, the electricity is said to 
“break down the insulator, or the di- 
electric.” Thus an insulator becomes a 
conductor when the voltage is suffi- 
ciently increased. 

536. What is lightning? Every 
schoolboy knows the story of Benja- 
min Franklin and his kite. When he 
flew his kite in a thunderstorm and 
succeeded in drawing sparks from a key 
fastened to the string of the kite, he 
proved that the lightning flash and an 
electrical discharge of the type men- 
tioned in Section 535 are identical. 
Sometimes the electrical discharge 
takes place between two clouds and 
in some cases it occurs between a cloud 
and the earth. A cloud may become 
electrically charged, possibly on ac- 
count of the rapid condensation of its 
water vapor. If it builds up an electric 
potential much higher than that of the 
earth, thena violent electrical discharge 
may occur between that cloud and some 
object on the earth. In such a case, we 
say that the object has been “struck” 
by lightning. The air, which serves as 
an insulator, “breaks down” under the 
exceedingly high voltage, and permits 
the discharge to take place. In many 
cases, the discharge occurs between two 
clouds that are of different potential. 
(See Fig. 582.) 

537. Lightning rods furnish pro- 
tection. After Franklin had performed 
his well-known experiment, he invented 
the lightning rod for protecting build- 
ings against lightning. A pointed rod 
extending above the building becomes 
charged inductively when a cloud 
passes over it, and the rod discharges 
the cloud quietly in much the same 
manner that a needle point discharges 
an electroscope. (See Fig. 583.) 
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Courtesy of the General Electric Company 


Fig. 583, This artificial-lightning apparatus produces electricity of a very high voltage. The long spark 
jumps 30 feet from terminal to terminal with a loud report. 


The statistics of fire-insurance com- 
panies show that properly installed rods 
area protection, but that an improperly 
installed rod may be a menace. Several 
precautions must be taken in such in- 
Stallations: 

1. The rod should be of a material 
that is a good conductor, usually cop- 
per or iron. 

2. The rod must have a diameter 
large enough so that the rod will not be 
melted by the current. 

3. Lightning rods should extend a 
short distance above the highest parts 
of the building, and they should termi- 
nate in several points. 

4. The lower end of the rod should 
extend into the ground deeply enough 
to be always in contact with moist 
earth, 

Opinions differ concerning the ad- 
Visability of insulating the rods from 


the building. Both methods of installa- 
tion are in use. For ordinary dwellings, 
it is probably better to insulate the rods 
to prevent lateral discharge, unless the 
rods run close to a waterpipe or a gas- 
pipe. Then they should be connected 
with the pipes by metal conductors. 
Metal roofs and gutters should all be 
connected and then grounded. 

538. What is a condenser? Let us 
connect the insulated metal plate, A, to 
an electroscope as shown in Fig. 584, 
and then apply a charge to the plate. 
As the intensity of the charge is in- 
creased, the leaves of the electroscope 
diverge more widely, showing that the 
potential is increased. Now let us bring 
near the charged plate a second plate, 
B, which is connected with the earth, 
or grounded. The leaves of the electro- 
scope begin to fall together as the 
grounded plate is brought near the first 
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one. The quantity of electricity has not 
been decreased, but the potential has 
been lowered. Now when we continue 
to add electricity to the plate A, we 
find that the capacity of the plate has 
been decidedly increased. Several times 
as much electricity must be added to 
cause the same divergence of the leaves 
as before, or to produce the same po- 
tential. 

A combination of conducting plates 
separated by insulators is known as a 
condenser, In the example given, the 
air gap serves as the insulator. If we 
shove a glass plate down between the 
two plates, the leaves collapse to some 
extent, showing that the capacity is 
increased still more. Glass makes the 
insulation better. Mica is one of the 
best insulators for such a purpose. If 
we increase the size of the plates, the 
capacity of the condenser is increased. 
From our experiments, we conclude 
that the capacity of a condenser in- 
creases with the size of the plates, in- 
creases as the distance between the 
plates is decreased, and it depends upon 
the insulator, or the dielectric, 

539. How does the condenser 
work? Let us suppose that the plate A 
of Fig. 584 has a negative charge. We 
may keep adding to the charge. When 
the charge reaches a certain capacity, 
then electrons leak away to the air as 
fast as they are supplied. When the 
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Electrons repelled 
to the earth 


Fig. 584. The principle of the condenser, 
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plate B is brought to a position oppo- 
site to that of A, it becomes charged by 
induction. Its electrons are first re- 
pelled to the remote side of the plate 
and then away to the earth through 
the ground wire. The excess positive 
charges upon B then hold the electrons 
on A “bound” so that we can increase 
the number of electrons on A many 
times before they increase the diver- 
gence of the leaves of the electroscope 
to their initial value. The unit of elec- 
trical capacity is the farad, but since 
it is such a large unit, the micro-farad 
is more often used. It has a value of 
one-millionth that of the farad. Con- 
densers find extensive use in radio work. 

540. How are commercial con- 
densers constructed? The earliest 
condenser was the Leyden jar, which 
was made at the University of Leyden, 
Holland, as early as the middle of the 
18th century. A glass jar is coated about 
halfway up, inside and outside, with 
tin foil. A knobbed brass rod extends 
through the stopper; the lower end of 
the rod is connected to the inner sur- 
face of the jar by a brass chain. (See 
Fig. 585.) 


Fig. 585, The Leyden jar is a condenser. 
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Courtesy of the National Co., Inc. 
Fig. 586. A common type of condenser. 


To charge a Leyden jar, we connect 
the knob with the terminal of an elec- 
trical machine. The outer coating may 
be connected to the other terminal of 
the machine, or may be grounded by 
holding the jar in your hand. The 
charge being applied to the inner sur- 
face is bound by the opposite charge 
induced on the outer coating. The jar 
may be discharged by touching the 
two surfaces simultaneously, or by 
touching the knob when the jar stands 
on the table. It may also be discharged 
by placing one end of a bent conductor 
in contact with the outer surface and 
then bringing the other end close to 
the knob of the Leyden jar. 

Condensers of the type shown in Fig. 
586 are in common use. Several layers 
of tin foil are attached by a conductor 
to one binding post. To the other bind- 
ing post several layers of tin foil are also 
connected. The layers attached to the 
two posts are arranged alternately, and 
they are carefully insulated from one 

Electrons’ 
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Fig. 587. The variable condenser is used in 
radio work. 

another by layers of paraffin, oiled 
paper, or mica. The two binding posts 
are not joined by conductors at all. One 
of them may be positively charged and 
the other negatively charged. 

Variable condensers, in which the 
capacity may be varied, are much used 
in radio sets. There are several sets of 
stationary metal discs, S, having about 
half of the surface of the disc cut away. 
Similar plates of metal are mounted on 
an axis in such a manner that when the 
axis is turned, alternate metal plates, 
M, slide between the fixed plates. (See 
Fig. 587.) The two sets of plates are 
insulated by the air, and they must not 
touch one another. As more of the sur- 
faces of the plates overlap when we 
turn the axis, the capacity is increased. 
One of the dials of your radio set 
probably operates such a variable con- 
denser. 

+541. What is an electrophorus? 
Volta invented the electrophorus, 
shown in Fig. 588. The bed, A, is 


Electrons 
repelled to 


Fig. 588. Charging an electrophorus. 
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composed of vulcanite or some other 
insulating material. B is a metal disc 
fitted with an insulated handle. When 
the vulcanite bed is rubbed with a piece 
of catskin or other fur, it is negatively 
charged. Now if we place the disc upon 
the vulcanite bed, it will not be charged. 
by contact, since it touches the surface 
of the insulating material at only a few 
points. It is charged by induction. The 
electrons are repelled to the upper sur- 
face of the disc, as shown in Fig. 588A. 
When we touch the disc with the finger, 
the electrons are repelled to the earth. 
Thus the disc becomes positively 
charged. (See Fig. 588 B.) 

If we lift the disc and hold a knuckle 
near the edge, a short electric spark 
may be drawn from the disc. By re- 
turning the disc to the bed, touching 
it a second time with the finger, and 
then lifting it, a spark may be obtained 
as before. This operation may be re- 
peated several times without recharg- 
ing the bed of vulcanite. 

x542. How do induction ma- 
chines work? Several machines that 
generate electricity by induction have 
been devised. When the terminals of 
the Wimshurst electrical machine are 
separated, this machine builds up a 
high potential difference. When the 
voltage or the pressure becomes suffi- 
ciently high, the electrical energy will 
break across the air gap, producing an 
electrical spark. To produce a spark 
only 1 cm. long requires a pressure of 
about 27,000 volts, provided the ter- 
minals are rounded and not too small. 
If the terminals are pointed, then only 
about 8000 volts are required to pro- 
duce a spark 1 cm. in length. To pro- 
duce the lightning flash, a tremendous 
voltage is required, It is not uncommon 
to find static or’ induction machines 
which produce a spark several inches 
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long. While the voltage is very high, 
yet the current which would flow con- 
tinuously if the terminals were joined, 
is very small. Induction machines are 
used for demonstration purposes in the 
laboratory and sometimes for operating 
X-ray tubes. 

Cottrell devised a method of pre- 
cipitating dust and smoke in factories. 
In the apparatus of Fig. 589, the wires 
are charged with high voltage. Then 
the dust particles, which become 
charged with electricity of the same 
sign, are repelled toward the opposite 
terminal. Some valuable material is re- 
covered, and the dust nuisance is elimi- 
nated, too. 

543. Compare magnetism and 
electricity. Several points of resem- 
blance between electricity and mag- 
netism may be noted as follows: 

1. The laws of attraction and repul- 
sion are the same in both cases. 

2. Either one may be produced by 
induction, 
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Fig. 589. The Cottrell apparatus is used to 
precipitate dust and smoke. 
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3. There are magnetic fields of force 
and electrica! fields of force. 

4. Magnets have two poles, north 
and south; there are two kinds of elec- 
tricity, positive and negative. Elec- 
tricity is often used to produce a 
magnetic effect, and magnetism is very 
often used to produce electrical en- 
ergy. 

The chief differences between mag- 
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netism and electricity arè as fol- 
lows: 

1. Electricity may be transmitted 
along a conductor, but magnetism can- 
not be so conducted. It is difficult to 
insulate against magnetism, but sheet 
iron can be used. 

2. Only a few materials can be mag- 
netized, while any substance can be 
electrified. 


Summary 


Electricity may be produced in any object by friction. It may also 
be induced in an object by bringing near it a charged object. 
Electricity is of two kinds, positive and negative. Like charges repel; 


unlike charges attract. 


An electroscope is used to detect the presence of an electric charge, 
to determine its sign, or to measure its intensity. 
Conductors transmit electricity readily; insulators, or dielectrics, are 


poor transmitters. 
The electric charge resides on the 
greatest density where the curvature 


outside of a conductor. It has its 
is greatest. 


The volt is the unit of electrical pressure; the unit of current strength 
is the ampere; the unit of resistance is the ohm. 

A condenser is used to increase the capacity of a conductor. The 
Leyden jar is a common example. Condensers, both fixed and variable, 


are much used in radio sets. 


Lightning is a violent electrical discharge. Metal rods are often used 


to protect buildings against lightning 


How many of the following terms and phrases can you define or explain? 


Electrical pressure 


Electrification by friction Condensers lectric 

Electrification by contact Electrophorus j Lightning 

Effect of shape of conductor Electricity is of two kinds Lightning rods : 

Effect of points Electron theory _ Induction machines 

Electromotive force Electrification by induction Leyden jar 
QUESTIONS 


| l In terms of the electron theory, 
What happens when a vulcanite rod is elec- 
trified by being rubbed with cat's fur? Some- 
times the fur “crackles.” What causes this? 
_ 2. Tf the little device shown in Fig. 590 
's placed on a glass plate and then con- 
hected to one terminal of a static machine, 
the top part whirls rapidly when the ma- 
chine is in operation, Explain. 


Fig. 590. The electric whirl. 


432 


3. What is the difference between an 
atom and an ion? 

4, Why are metals generally good con- 
ductors of electricity, while non-metals are 
generally insulators? 

5. How can you prove that a vulcanite 
rod and a glass rod are electrified oppo- 
sitely? How can you prove that two vul- 
canite rods are electrified with the same 
kind of charge? 

6. What are the important particles of 
which atoms are composed? Which of these 
are charged, and which are not? 

7. Explain by means of diagrams how 
you would charge an electroscope nega- 
tively by induction. 

8. Why is an automobile a fairly safe 
place to be during a thunderstorm? 

9. What is measured in each of the 
following electrical units? (a) volt; (6) am- 
pere; (c) ohm. 

10. How does electrification by conduc- 
tion differ from electrification by induction? 

11. How do lightning rods act to make a 
building safer from lightning? 

“12. Why will grounding a Leyden jar 
enable it to hold a greater charge? 

13. In Fig. 589, why will the dust cham- 
ber become electrified oppositely from the 
high voltage wires? How is the dust origi- 
nally electrified? 

14. If you are too far distant from shel- 
ter when a thunderstorm comes up, what 
is probably the best thing you can do to 
make yourself safe from being struck by 
lightning? 

15. Explain how a condenser can hold a 
larger charge on a conductor than the con- 
ductor normally would contain. 
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16. Why are golfers often struck by 
lightning when they are playing in a rain 
storm? 

17. Give as many points of similarity as 
you can between static electricity and mag- 
netism. What are their differences? 

18. Why will both positive and negative 
electricity be produced in equal quantities 
at the same time? 

19. Why must a lightning rod be care- 
fully buried to a depth where it is always in 
contact with moist ground? 

20. What kind of a charge would be in- 
duced on one plate of a condenser, if an 
alternating positive and negative charge 
were applied to the other plate? 

21. Explain what happens when a glass 
rod is electrified by being rubbed with silk. 

22. Support the apparatus shown in 
Fig. 591 and connect it with one of the 
terminals of a static electricity machine. 
Silk threads and brass chains are used to 
support the hammer and the two bells. Why 
do the bells ring alternately when the ma- 
chine is in operation? 


Fig. 591, The bells 
operate by static 
electricity. 
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Unit Ten 


Gus SCIENTIFIC ACHIEVEMENTS ARE NEVER LIMITED TO 
people of one nationality. This is particularly illus- 
trated in the development of electricity. The list of the 
names of the persons who have helped sounds like a roll 
call at the United Nations. 

Both Galvani and Volta were Italians. Galvani’s name is 
immortalized in the galvanometer and the galvanoscope. 
The unit of electrical pressure is named for Alessandro Volta, 
the man who developed the voltaic cell. Marconi gained 
fame through his development of long distance transmis- 
sion of radio signals, the forerunner of today’s ‘round-the- 
world broadcasts. 

Georg Simon Ohm was a German physicist who formu- 
lated one of the most fundamental of all electrical laws. 
Today the mathematical relationship between electrical 
potential, current strength, and resistance is called Ohm’s 
law. Indeed, the unit of resistance bears his name. Heinrich 
Hertz discovered radio waves, while Wilhelm Conrad Roent- 
gen, a fellow German, discovered X rays by experimenting 
with high voltage electrical discharges. 

France has given us the work of Ampére and Coulomb, 
for both of whom electrical units have been named. Coulomb 
conducted extensive researches in electricity and magnetism, 
and took part in the development of the metric system. 

Hans Christian Oersted, a Danish physicist, discovered 
the relation between magnetism and electricity. His name 
is given to the unit by which magnetic field strength is 
measured. The chemical effects of the electric current were 
first explained by Svante Arrhenius, a Swedish scientist. 

Crossing the English Channel, we'come upon the work of 


James Clerk-Maxwell, the mathematician, and J. J. Thom- 
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son, who first proposed the electron theory. Joule discovered 
the relationship between electricity and the heating effects 
which it produces. But the most outstanding English sci- 
entist in this field was Michael Faraday. It was he who 
discovered the way by which conductors moving through 
magnetic fields would produce electricity, making possible 
the generation of the tremendous amounts of electrical power 
which we use today. 

In the United States, Benjamin Franklin identified light- 
ning with electricity. Joseph Henry was a pioneer in the 
work on self-induction. He was also a leader in the practical 
development of the electromagnet. 

These men have, for the most part, been the theorists. 
Others have made the practical applications. Thomas A. 
Edison, inventor of the electric lamp, and one type of storage 
battery, also was a pioneer in the development of electric 
generators and motors. Cyrus Field laid the first submarine 
Atlantic cable. Samuel Morse invented the telegraph, and 
Alexander Graham Bell, the telephone. Lee DeForest in- 
vented the first simple radio tube, which transformed re- 
ceivers from the crude cat’s whisker type, to the modern 
superheterodyne sets. Steinmetz made important contribu- 
tions to electrical engineering. Zworykin developed the basic 
ideas of television and the electron microscope. i 

Many are the men who have followed these pioneers. We 
cannot count or name them all. This list is only a glimpse 
at some of the outstanding men whose works have made life 
brighter, easier, and happier. 
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Unit Ten 
Chapter 23 


Current Electricity — Voltaic Cells 


544. How does current electricity 
differ from static electricity? Water 
at rest has potential energy, but it is 
not doing any work. When the water 
begins to flow, its energy becomes ki- 
netic and it may do work. Frictional or 
static electricity is like water at rest. 
An electric charge at rest has potential 
energy, but it is not doing any work. 
An electric charge in motion has kinetic 
energy, and it may do work. When an 
electric charge moves along a conduc- 
tor, we have an_electrie current. 

There is no essential difference be- 
tween static electricity and current elec- 
tricity. The electrons streaming along a 
conductor form an electric current. We 
cannot have an electric current unless 
we build up a difference of potential be- 
tween two points on a conductor, or in 
a circuit. Then we shall have an excess 
of electrons in one part of the circuit 
and a deficiency in another part. If the 
difference of potential is maintained, a 
continuous current will flow through the 
circuii. 

Given two vertical cylinders con- 
nected near the bottom with a pipe 
in which there is a stopcock. (See Fig. 
592.) Cylinder A is filled with water to 
the line C, and cylinder B is filled to 
line D. If we open the stopcock, water 


will flow from A to B, but the flow will 
stop as soon as the water level is the 
same in both cylinders. The current 
stops flowing when there is no longer a 
difference of pressure. It is possible to 
put a pump in the circuit and keep 
pumping water from B into A just fast 
enough to maintain the same difference 
of pressure as we had in the beginning. 
At the expense of mechanical energy, 
we can keep building up water pressure 
and maintaining a continuous flow of 
current, but we do not create energy. 


of pressure 


Stop cock 


Fig, 592. The water pump maintains à constant 
pressure. 


Vocabulary aE 


Ton, an atom or group of atoms which has an 
excess or deficiency of electrons. 
ONIZATION, any process that will produce 
ions. 
P OLARIZATION, the accumulation of hydrogen 
lee on the positive plate of a voltaic 
cell. 


Vouraic, pertaining to a cell that changes 
chemical energy into electrical energy. 

ELECTRO-MOTIVE FORCE, electrical potential, 
measured in volts. Abbreviated E.M.F. 

Locat action, taking place within the cell 
itself. 

Conpucrtance, ability to conduct current. 
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Fig. 593, Alessandro Volta (1745-1 827) was 
a distinguished Italian physicist. He was the 
inventor of the voltaic cell, His other inventions 
include the electrophorus, the electroscope, 
and the condenser. The volt is named in his 
honor, 


In a similar manner, if we join with a 
conductor two metal balls of different 
potential, the current will flow from 
the one of higher potential to the other 
until both have the same electrical po- 
tential. In order to keep the current con- 
tinuous, we must find some way to keep 
one of the balls constantly at a higher 
potential than the other. The generator, 
or dynamo, which is discussed later, is 
used for such a purpose commercially. 
Tt builds up potential at the expense of 
mechanical energy. The vollaic cell is a 
simple device used to produce current 
electricity on a rather small scale, In 
such a cell, chemical energy is sacrificed 
to produce electrical energy. 

545. What is a voltaic cell? It was 
in the year 1790 that Galvani made an 
interesting discovery. He was experi- 
menting with a frog which was sus- 
pended by means of a copper wire 
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attached to its leg. When the muscle 
of the frog’s leg was touched with a 
scalpel, it twitched vigorously. He drew 
an erroneous conclusion that such 
twitching was due to the electricity 
which lay in the frog’s leg. It was Ales- 
sandro Volta, another Italian physicist, 
who learned of Galvani’s discovery and 
carried on a series of experiments which 
led to the invention of the voltaic cell. 
The volt and the vollaic cell are both 
named in his honor. (See Fig. 593.) 

Let us dip a zinc rod into a water 
solution of some acid, sulfuric acid for 
example. We notice that bubbles of 
hydrogen gas are set free by the inter- 
action of the zinc and the acid and that 
the zinc is eaten away. Au electroscope 
test will show that the zinc rod is nega- 
tively charged. 

Next let us dip into the acid solution 
a carbon rod. The acid has no effect 
upon the carbon rod, but if it is tested 
when the zinc rod is also present in the 
same solution, we shall find that it is 
Positively charged. By the use of chemi- 
cal energy, the two rods have been 
charged with electricity of opposite 
sign, and one will haye a higher po- 
tential than the other. 

If we connect the two rods by a 
conductor, an electric current flows 
through the wire. (See Fig. 594.) Since 
the chemical action goes on continu- 


Electron flow ——> 


Positive 
plate 


Negative 
plate 


Fig. 594, Diagram of a voltaic cell, 
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ously, the difference of potential be- 
tween the two rods is maintained, and 
acurrent continues to flow through the 
wire. The voltaic cell which we have 
just constructed is a kind of electrical 
pump which acts in a manner similar 
to that of the water pump of Section 
544 in building up and maintaining a 
difference of potential. A vollaic cell 
consists of (wo dissimilar materials im- 
mersed in a fluid which acts chemically 
upon one of them. 

Dozens of different types of voltaic 
cells have been devised. For use in 
making the negative plate of a voltaic 
cell, zinc is the most satisfactory metal 
that has been found. Many different 
elements have been used for the posi- 
tive plate, including carbon, copper, 
gold, silver, and even platinum. Carbon. 
is the most satisfactory. Various solu- 
tions, too, have been used in different 
types of voltaic cells. They include 
such acids as sulfuric, hydrochloric, or 
nitric, such bases as sodium hydroxide 
or potassium hydroxide, and also such 
salts as sodium chloride and ammonium 
chloride. 

546. What are some electrical 
terms in common use? Each plate 
of a voltaic cell is fitted with a threaded 
bolt and nut, called a binding post, to 
which conductors may be attached. 
The plate that is acted upon chemically 
is called the negative plate. There is little 
or no action on the positive plate. Join- 
ing the two plates with a conductor is 
called “making” or “closing” the cir- 
cuit. Disconnecting the conductor is 
called “breaking” the circuit; the cell 
is then on open circuit. A conventional 
diagram is used to represent a voltaic 
cell. In such a diagram, Fig. 595, along, 
thin line represents the positive plate, 
and a short, thick line the negative 
Plate. The dotted arrow between the 


437 


lines represents the solution in the cell 
itself. 

For decades it has been customary to 
speak of the current as flowing from 
the positive plate through the external 
circuil to the negative Aiie, Benjamin 
Franklin started us off on the wrong 
foot. Until a Congress of Physicists 
meets and decides to adopt the more 
modern theory of electron flow, a 
change in any one physics textbook 
would lead to some confusion. With 
our fingers crossed, then, we shall con- 
tinue to assume in the wiring diagrams 
that the current flows from positive 
to negative through the external cir- 
cuit, and from negative to positive 
through the internal circuit. Pupils 
should understand that the stream of 
electrons flows in the opposite direction. 

547. Here are some conventional 
diagrams. Many of the pieces of elec- 
trical apparatus are so complicated that 
it would need an artist to make wir- 
ing diagrams if one attempted to give 
areal picture of them. Electricians have 
agreed upon the use of many conven- 
tional diagrams to represent instru- 
ments and appliances. On page 438 
you will find labeled diagrams that are 
in common use. You will need to refer 
to them from time to time in your 
study and you should use them when 
you attempt to make, either for class 
use or in the laboratory, diagrams in- 
yolving the use of such instruments. 


Negative 
plate 


Positive 
plate 


aes Electron flow 


Fig. 595. Conventional diagram of a cell on 
closed circuit. 
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Fig. 596. This page shows the usual conventional diagrams used by electricians. 
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+548. What is the theory of ac- 
tion in a voltaic cell? Suppose that 
we have a simple voltaic cell in which 
the two elements carbon and zinc are 
dipped into the water solution of hy- 
drogen chloride, called hydrochloric 
acid. The hydrogen chloride molecule 
is composed of one atom of hydrogen, 
H, and one atom of chlorine, Cl. Its 
chemical formula is HCl. According to 
the theory of ionization, HCl ionizes in 
waler solulion into ions. We know that 
an ion is an atom or a group of atoms 
which has an excess or deficiency of elec- 
irons. For example, the HCl molecule 
ionizes as follows: 


HCl forms H+ and CF. 


The hydrogen ion (H+) carries a posi- 
tive charge since it loses an electron. 
The chloride ion (CI-) carries a nega- 
tive charge, having gained an electron. 
Before the zine is added, such a solu- 
tion is neutral, because there are equal 
numbers of both kinds of charges. (See 
Fig. 597.) 

When the zine strip is introduced, 
some of the zinc atoms form zinc ions 
(Zn*+) and go into solution. Each zinc 
atom loses two electrons, thus leaving 
the zine rod or plate negatively charged. 
The excess of plus zinc ions being 


formed around the negative plate will - 


repel the plus hydrogen ions and drive 
them over toward the neutral carbon 
tod or plate. There, every hydrogen 
ion (H+) takes an electron from the 
carbon rod, thus leaving it charged posi- 


Fig. 597, The ionization of hydrogen chloride 
In Water, 
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lively. The hydrogen ions have their 
charges neutralized and escape from 
the solution as neutral bubbles of hy- 
drogen gas. (See Fig. 598.) 

On open circuit, this chemical action 
continues until the plus charges on the 
carbon rod exert enough back pressure 
to repel the similarly charged hydro- 
gen ions with a force exactly equal to 
their repulsion by the plus zinc ions. 
This occurs in the case of carbon and 
zinc when the difference of potential 
between the two plates of the cell is 
about 1.5 volts. Different combinations 
of elements and different solutions give 
somewhat different voltages. Copper 
and zine, for example, give about 1.1 
volts. 

On closed circuit, there is a fall of po- 
tential along the conductor, because 
there is a stream of electrons from the 
negatively charged zinc plate flowing 
through the conductor and tending to 
neutralize the excess positive charge 
on the carbon rod. The chemical action 
is going on all the time, continuously 
building up a difference of potential 
between the two plates. It stops only 
when the zinc is all dissolved or the 
acid spent. Hence we conclude that a 


voltaic cell is a device which transforms 


chemical energy into electrical energy. 
(See Fig. 599.) 

549. What are some defects of 
yoltaic cells? There are two common 
defects of many voltaic cells: 1. Local 
action. 2. Polarization. 


Fig. 598. Chemical action in a voltaic cell. 


See 


_---Chemical energy 
keeps positive plate 
at a higher voltage 


> 


we 


Zero volts 


Electron flow 


Fig. 599. A voltaic cell builds up electrical 
potential. 

1l. Local action. Carbon or coal is 
used in extracting zinc from its ores. 
Hence, commercial zinc usually has 
some carbon particles distributed 
through it. As such zine dissolves in 
the acid of the cell, small particles of 
carbon are set free. Some of the carbon 
particles adhere to the surface of the 
zinc and some remain suspended in the 
acid solution. Since they are not at- 
tacked by the acid, they become posi- 
tively charged in just the same manner 
as does the positive plate. Then they 
set up miniature circuits within the cell 
itself. (See Fig. 600.) This results in a 
waste of energy, because such small 
circuits do not contribute anything to 
the external circuit. Chemical action 


~<— Electron flow 


Fig. 600, Local action in a voltaic cell. 
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within the cell which results only in 
wasted energy is called local action, 

Local action may be remedied by the 
use of pure zinc, but zinc free from car. 
bon is expensive. It was discovered in 
1830 that local action can be prevented 
if the zinc plate is amalgamated by 
rubbing its surface with mercury. The 
mercury dissolves the zinc and brings 
it to the surface. The carbon impurities 
do not dissolve, but are kept covered 
and local action is prevented. 

2. Polarization. As used here, polar- 
ization has no relation to polarization 
of light nor even to magnetic polarity. 
Ii is a defect in cells caused by the ac- 
cumulation of hydrogen bubbles on the 
positive plate. Let us connect a simple 
voltaic cell with a voltmeter, as shown 
in Fig. 601. At first, the voltmeter will 
probably show a reading of about 1.5 
volts. If we let such a cell stand on 
closed circuit for several minutes, we 
notice that the voltage gradually falls. 
Tf we examine the plates of such a cell, 
we find that the positive plate is 
covered with an accumulation of tiny 
bubbles of hydrogen gas. A plate of 
hydrogen has been virtually substi- 


Electron 


Fig. 601. Hydrogen bubbles collect on the 
positive plate, causing polarization. 
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tuted for the carbon plate with which we 
started. The cell is said to be polarized. 

550. How can polarization be 
prevented or remedied? Since polar- 
ization lowers the voltage which a cell 
gives, it is undesirable. It also increases 
the internal resistance of the cell. Hence 
different methods have been used to 
prevent or remedy polarization. 

1. Mechanical. If we lift the positive 
plate of a polarized cell from the solu- 
tion, wipe off the hydrogen bubbles, 
and then put it back into the acid solu- 
tion, the voltage will again rise prac- 
tically to normal. Such a remedy is 
neither convenient nor practical, and 
its effect is only temporary. 

2. Chemical. Given a polarized. cell 
as shown in Fig. 601. If we add to it a 
small crystal of potassium dichromate, 
or some other chemical substance which 
reacts with hydrogen readily, we find 
that the voltage again rises to nearly 
normal. Potassium dichromate is a 
compound which is a vigorous oxidiz- 
ing agent. Tt reacts with the hydrogen 
bubbles, oxidizing them, and forming 
water. Hence, an oxidizing agent can be 
used to remove hydrogen and remedy 
polarization, Such oxidizing agents as 
nitric acid, chromic acid, and manga- 
nese dioxide have been used in various 
types of cells to oxidize the hydrogen 
and prevent polarization. 

3. By construction. Some non-polar- 
izing cells have been constructed in 
which the hydrogen cannot reach the 
positive plate. In the gravily type, two 
fluids are used, one much denser than 
the other. The dense fluid at the bot- 
tom of the cell prevents the hydrogen 
from reaching the positive plate. In the 
Daniell ceil, the two fluids are separated 
by a porous cup. It gives a constant 
Voltage. (See Laboratory Experi- 
Ments, to accompany Modern Physics.) 
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551. How is the dry cell made? 
The dry cell is the only one of many 
cells which has found very wide use. 
The negative plate is a zinc cylinder 
lined with porous cardboard. This 
forms the walls and bottom of the cell. 
The positive plate is a carbon rod, 
placed in the center of the cylinder, 
and surrounded with a thin layer of 
manganese dioxide and powdered car- 
bon. Instead of a solution like that of 
the simple voltaic cell, the dry cell uses 
a paste of ammonium chloride, zinc 
chloride, some inert filler, and a little 
water. This paste fills the space be- 
tween the manganese dioxide layer and 
the zinc outer cylinder. The top is 
covered with wax or asphalt to pre- 
vent loss of water by evaporation. 

The ammonium chloride is the 
chemical which acts upon the zinc to 
supply the chemical energy. The man- 
ganese dioxide is an oxidizing agent 
which acts as a depolarizer. The zinc 
chloride combines with the ammonia 
gas which is liberated during the chemi- 
cal action and prevents its accumula- 
tion. Additional inert materials are 


sand =i., 
powdered. 
‘carbon ; ` 


Fig. 602. Sectional view of a dry cell. 
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sometimes added to the paste to re- 
duce the internal resistance. 

The dry cell gives an electro-motive 
force of about 1.5 volts. Under long, 
hard usage it may polarize, but it re- 
covers when it stands on open circuit. 
Its internal resistance is so small that 
it may give an amperage of from 30 to 
40. It may be used in any position. 
Dry cells are used for ringing doorbells, 
operating flashlights, and for other in- 
termittent work. They find use in some 
portable radio sets. 

*552. What are the yalues of the 
electrical units? We have already 
learned that electricians use certain 
units to measure electro-motive force, 
strength of current, and resistance. The 
units are legally defined in a way which 
relates them to the other units of the 
centimeter-gram-second system. How- 
ever, the method of deriving their val- 
ues is too complex for inclusion here. 
Physicists have certain easily reproduc- 
ible standards by which the electrical 
units can be independently obtained. 
These are: 

1. Volt. The volt is the unit of elec- 
trical potential. The Clark standard 
cell gives a constant voltage of 1.434 
when the temperature is 15° C. The 
Weston standard cell is also used. 

2. Ampere. This unit of current 
strength may be determined in terms of 
its effect. Let us connect a platinum 
dish with the negative terminal of a 
source of current of about 2 volts, We 
may then fill the dish partly full of a 
solution of some silver salt. A platinum 
spiral rod is connected to the positive 
terminal of the source of Current and 
dipped into the silver solution. A cur- 
rent of one ampere flowing through 
such a silver solution will deposit, or 
plate, upon the walls of the dish 4.025 
g. of silver per hour, or 0.001118 g. 
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per second. This fact was formerly used 
in the legal definition of the ampere, 
(See Fig. 603.) 

3. Ohm. The ohm as the unit of elec- 
trical resistance represents the friction 
encountered by the electric current in 
passing through a conductor. It is the 
amount of resistance offered by a uni- 
form column of mercury 106.3 em. 
long, and of 1 sq. mm. cross-sectional 
area, at a temperature of 0° C. 

553. What is Ohm’s law? The 
amount of water flowing through a 
pipe will increase with an increase in 
water pressure and decrease with an 
increase in the resistance offered by 
the pipe. It seems probable that the 
amount of current flowing in a circuit 
will increase with an increase in volt- 
age, and decrease as the resistance of 
the circuit increases. Experiment shows 
that such is the case. Ohm was the 
first to state these observations in the 
form of a definite law. (See Fig. 604.) 
oum’s LAW, which is one of the most 
important truths pertaining to elec- 
tricity, may be stated as follows: The 
current flowing in a circuit is direclly 
proportional to the potential difference 
in volis and inversely proportional lo 
the resistance of the circuit in ohms. 
Therefore, 
resistance (ohms) 

Using the letter 7 to represent am- 
peres, the letter Æ to represent differ- 


current (amperes) = 


Platinum 
dish 
cathode 


a 


=] —Electron flow 


‘Solution of a 
silver salt 


Fig. 603. The ampere may be determined by 
the deposit of silver, 
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ence in potential in volts, and R to 
represent resistance in ohms, then 
Ohm’s law may be stated algebraically 
as follows: 


fue 
R 
Prosiem. In an electrical circuit, what 
potential in volts is required to cause a 
current of 10 amperes to flow through a 
resistance of 4 ohms? 


Solution. Substituting in the formula, 
+ 


E E 
I= E we have 10 = T Whence, E = 40, 


the potential in volts. 


554. What are the laws of resist- 
ance? We have already learned that 
substances differ in the resistance they 
offer to the passage of the electric cur- 
rent. Some are good conductors, while 
others have a very high resistance. Of 
course, the conductance is inversely pro- 
portional to the resistance. Several fac- 
tors affect the resistance. 

1. Law of lengths. We would expect 
10 ft. of waterpipe to offer 10 times as 
much friction to a current of water 
flowing through the pipe as 1 ft. By 
analogy, we would expect that 10 ft. 
of wire would have 10 times as much 
Tesistance as 1 ft. Since experiment 
shows that this is true, we conclude 
that the resistance of a conductor is di- 
reclly proportional to its length. 

2. Law of diameters. Everyone knows 
that a 6-inch pipe will carry a larger 
current of water than a l-inch pipe, 
even if the pressure is the same in both 
Cases, The friction encountered in try- 
ing to force water through a pin-hole 
Opening is much greater than that 
which must be overcome in forcing 
water through a larger opening. In a 
similar manner, a large wire offers less 
resistance to a stream of electrons than 
a small wire does. In fact, experiment 
shows that a wire 1 mm. in diameter 
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Culver Service 


Fig. 604. Georg Simon Ohm (1 787-1854) 
was a German physicist. He discovered the 
relation between electrical potential, current 
flow, and resistance, and formulated Ohm's law. 
The ohm is named in his honor. 


has four times as much resistance as a 
wire 2 mm. in diameter, provided both 
have the same length. The latter wire 
has four times as much cross-sectional 
arca. Hence we conclude that the re- 
sistance of a conductor is inversely pro- 
portional lo the square of its diameter, or 
to its cross-sectional area. A broad street 
carries more traffic than a narrow one, 
because it offers less resistance. 

3. Effect of temperature. More cur- 
rent flows through the coils of a bread 
toaster when the coils are cold than 
after they have become heated. The 
resistance of a metallic conductor in- 
creases with the temperature. Kamer- 
lingh Onnes found that tin and lead 
immersed in liquid helium (— 269° C.) 
have almost no resistance. At such low 
temperatures they became super-con- 


ductors. 
The resistance of carbon, non- 
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metals, and the solutions of acids, 
bases, and salts, decreases with a rise 
in temperature. Glass becomes a fairly 
good conductor when it is heated. 

4. The resistance depends upon the 
material. Copper is used more exten- 
sively as a conductor than any other 
metal. It offers less resistance to the 
passage of the current than any other 
metal except silver. If we let K repre- 
sent a constant depending upon the 
material, it is possible to summarize 
the LAWS OF RESISTANCE in the follow- 
ing formula: 

KI, 

T’ 

Lis the length of the conductor in feet; 
d is the diameter of the wire in mils. 
A mil equals 0.001 inch. Engineers 
sometimes use the term “circular mils” 
to represent the cross-sectional area of 
a wire. The circular mil equals the 
square of the diameter expressed in 
mils. A wire has a diameter of 0.025 in.; 
its diameter equals 25 mils; its cross- 
sectional area equals (25)*, or 625 cir- 
cular mils. The constant K expresses 
the resistance in ohms of one foot of 
wire whose diameter is 0.001 in.; it is 
the resistance of one mil foot of wire. 
Table 15 in Appendix B gives the 
value of K for a few of the most com- 
mon conductors: 

Prostem. Find the resistance of 150 feet 
of No. 24 copper wire (diameter equals 20.1 
mils). 

Solution. We have the following data: 
length equals 150 ft.; d equals 20.1 mils; 


and K equals 10.38. Substituting these 
values in the formula, 


Re 


we get 
10.38 150 
(20.12 
Whence we find R, the resistance, equals 
3.85 ohms. 
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555. Upon what does the voltage 
of a cell depend? To find the answer 
to this question, we may connect a volt- 
meter to the terminals of a non-polariz- 
ing cell, and note the reading. If we 
move the plates of the cell nearer to- 
gether, the voltage is not affected. If 
we lift one or both of the plates, the 
voltmeter reading remains the same as 
long as the plates touch the liquid. If 
we use a cell with smaller plates, the 
voltage remains the same. Hence, we 
conclude that the voltage of a cell does 
not depend upon the size of the plates, 
the distance between them, or the 
depth to which they are immersed in 
the solution. It can be shown by further 
experimentation that the voltage of a 
cell depends only upon the materials 
used in ils construction. That refers to 
the metals used as plates and also to 
the kind of liquid used in the solution. 

556. How can we measure the re- 
sistance of a voltaic cell? We will 
need a voltmeter and an ammeter. The 
voltmeter, connected across the ter- 
minals of the cell on open circuit, gives 
us the difference of potential, Æ, be- 
tween the two plates. (See Fig. 605.) 
The voltmeter is disconnected. Then 
an ammeter is connected in the cell 


Electron flow 


| 


Fig. 605. How to measure the internal resistance 
of a cell. 
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circuit with a coil of resistance wire, 
R. It gives the reading, J, in amperes. 
In acell circuit, however, we must con- 
sider two resistances: (a) the external 
resistance, re; (b) the internal resist- 
ance, ri, offered by the solution or 
paste in the cell itself. The total resist- 
ance, R, is equal to the sum of the 
external resistance, re, and the internal 
resistance, ri. Applied to a voltaic cell, 
Ohm’s law is stated thus: 
ie 

Te tli 

The volimeter gives us the reading 
E; the ammeter gives the reading ifs 
if we use a wire of known resistance, 
Te, then we can calculate internal re- 
sistance, ri. 


Progres. A dry cell gives a reading of 
1.5 volts; an ammeter in circuit with a coil 
whose resistance is 0.2 ohm shows a reading 
of 5 amperes. Find the internal resistance 
of the cell. 

Solution. We have given the following: 
E = 1.5; I = 5; re = 0.2; ri is to be found. 
By substituting the values given in the cell 
formula, we get, 


5 
=e 
Solving for ri, we find that the internal 
resistance is 0.1 ohm. 


557. Voltaic cells vary im resist- 
ance. If we measure the internal resist- 
ances of different types of cells by the 
method used in the preceding section, 
we find that they vary widely. A grav- 
ity cell or a Daniell cell will show an 
internal resistance of from 1 to 6 ohms. 
Since their voltage is only 11, such 
cells seldom furnish even one ampere of 
current. On the other hand, the in- 
ternal resistance of a new dry cell of 
standard size is seldom more than 0.05 
ohm, and it may be a little less. When 
the external resistance is zero, 4 cell 
whose yoltage is 1.5 and whose re- 
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sistance is 0.05 ohm can furnish 30 
amperes of current. 

Let us use a non-polarizing cell of 
the fluid type, as in Fig. 605, but this 
time with only the ammeter. If we move 
the plates farther apart, we find that 
the ammeter reading drops. If we lift 
one or both of the plates so that they 
are not so deeply immersed, we again 
find that the ammeter reading drops. 
In both cases the internal resistance of 
the cell is increased. One might have, 
guessed this; for, in the first case, the 
current must flow across a longer liquid 
path, and, in the second case, the cross- 
sectional area of the liquid path-is re- 
duced. To reduce internal resistance, 
one uses large plales and places them 
as close together as possible. 

558, How are cells grouped? 
Sometimes a single cell does not give 
sufficient voltage or enough current for 
our needs. It is possible to group two 
or more cells in such a manner that 
we can get more voltage, more current, 
or both. Of the several methods used 
to group cells, we shall discuss only 
two: series grouping, and parallel or 
multiple grouping- 

1. Series grouping. If a single tank 
of water does not furnish enough pres- 
sure, we can increase the “water head” 


Each tank adds 
to the pressure 


Loe a See A 
Fig. 606. Water analogy for series grouping © 
cells. 
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by placing more tanks above it, as 
shown in Fig. 606. Each tank increases 
the water pressure by increasing the 
depth. With three tanks, the pressure 
is three times as great. In a similar 
manner, if we group cells in series by 
joining the positive plate of one cell to 
the negative plate of a second, and so 
on, as shown in Fig. 607, we find that 
each cell added increases the voltage. If a 
single cell has an E.M.F. of 1.5 volts, 
then three cells will have an E.M.F. of 
4.5 volts. When n represents the num- 
ber of cells, then the total voltage of n 
cells becomes nL. 

The water in the three tanks must 
flow through each of the tanks in turn; 
hence it meets three times as much 
resistance. For the same reason, the 
total internal resistance of three cells 
grouped in series is just three times 
that of a single cell. For any number 
of cells n, the internal resistance is nrj. 
Naturally, the external resistance, re, 
is not affected by changes in cell 
grouping. For cells grouped in series, 
we modify the formula for Ohm’s law 
as follows. 

ne 
T tnr 

Some rules which apply to cells in 
series may be formulated as follows: 

(a) Ohm’s law applies to series cir- 
cuits. 

(b) The voltage across the terminals 
of all the cells in a series circuit is 


—<— Electron flow 


Fig. 607. How cells are grouped in series. 
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Pressure same in each case 


Fig. 608, Water analogy for parallel grouping. 


equal to the sum of all the separate 
voltages. Hence we multiply Æ, the 
voltage of a single cell, by n, the num- 
ber of cells. 

(c) The total resistance of a series 
circuit is equal to the sum of all the 
separate resistances. Hence we multi- 
ply ri, the resistance of a single cell, 
by n, the number of cells. 

(d) The amount of current is the 
same in every part of a series circuit. 

2. Parallel grouping. Suppose that 
we have three tanks of water all at 
the same level, as in Fig. 608. Connect- 
ing them all to the same external pipe 
does not increase the pressure. No 
matter how many water tanks of the 


<—FElectron flow 


S 


N 
External 
circuit 


Internal 
circuit , 


Fig. 609. How cells are grouped in parallel, 
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game depth we have in parallel group- 
ing, there is no increase in pressure. 
Ina similar manner we may group two 
or more cells in parallel by joining all 
the positive plates with one wire, and 
all the negative plates with another 
wire. (See Fig. 609.) In this system of 
grouping, there is no increase in voltage, 
no matter how many cells are used. 
Since only one-third of the water flows 
from each of the three tanks in parallel, 
the resistance offered is only one-third 
that of a single tank. In an analogous 
manner, one-third of the current will 
flow through each of the three cells 
connected in parallel. The folal in- 
fernal resistance of three cells in paral- 
lel is only one-third that of a single 
cell. While grouping cells in parallel 
does not increase the voltage, yet in 
some cases we can get much more cur- 
rent by such grouping because the in- 
ternal resistance of any number of cells, 


n, is equal to 1 the resistance of a single 


cell. For parallel grouping, we modify 
the formula for Ohm’s law as follows: 


E 


ri 
teks 
Bop 


l= 


The student will find it easy to un- 
derstand why parallel connections de- 
crease resistance if he stops to consider 
that more water can flow through two 
parallel pipes than through a single 
pipe. Two parallel roads between De- 
troit and Chicago offer less congestion 
(resistance) than a single road. Tf one 
road is closed for repairs, the traffic 
congestion on the other road is doubled. 
Tn a similar manner, two parallel wires 
offer less resistance to the passage of an 
electric current than either single wire. 

Certain rules which apply to cells in 
Parallel may be formulated: 


(a) Ohm’s law applies to the entire 
circuit or to any branch of the circuit. 

(b) The total voltage across the termi- 
nals of all the cells is the same as that 
for a single cell. Adding cells in parallel 
does not raise the voltage. 

(c) The total internal resistance of 
any number of cells in parallel is only 
1-nth of that for a single cell. 

(d) The total current furnished by 
the group is equal to the sum of the 
currents in all the separate parts, just 
as each tributary adds to the volume 
of water in the main stream. 

559, Which grouping is better? 
It is possible to test by laboratory ex- 
periments the methods of grouping 
cells. From the results of such experi- 
ments, the formulas used above were 
derived. By solving problems involy- 
ing the methods of grouping cells, it is 
easy to find out which method gives 
the better results. 

Prosrem. Given 20 dry cells, voltage 1.5 
each and internal resistance 0.1 ohm. What 
current will a single cell send through an 
external resistance of 500 ohms? What cur- 
rent will 20 cells give if they are grouped in 
series? What current will they produce if 
they are grouped in parallel? ae 

Solution. (a) Single cell. By substitution 
in the formula for Ohm’s law, we get: 

ilo esd 
500 + 0.1 
Whence, I = 0.002999 ampere. 

(b) Series. Substituting the values given 
in the formula, we have: 

2x15 . 
T= 590 + 20 X 0.1) 


Whence, I = 0.059 ampere. | 
(e) Parallel. Substituting m the formula 


for cells in parallel, we obtain the following: 
1.5 


0.1 
500 + z0 


i 


T= 


Whence, I = 0.002999 ampere. 
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When we analyze the results, we 
find that 20 cells in series give nearly 
20 times as much current as a single 
cell does in this particular case. We 
observe, too, that the 20 cells in 
parallel give almost the same current 
as a single cell in this problem, in 
which the external resistance is large. 
But this problem illustrates only what 
happens when the external resistance is 
large. Let us try a problem in which 
the external resistance is small. 

Prosiem. Suppose that we have the 
same 20 cells to be used with a small ex- 
ternal resistance of only 0.005 ohm. What 
current will a single cell furnish? What cur- 
rent will they produce if grouped in series? 
What current will flow if they are joined in 
parallel? 

Solution. (a) Single cell. By substitution, 
we have, 

15 


= 0.005 + 0.1 


Whence, J = 14.29 amperes. 
(b) Series. By substitution, 


I= 20 K 1.5 
0.005 + (20 x 0.1) 
In this case, J = 14.9 amperes. 


CURRENT ELECTRICITY 


(c) Parallel. By substitution, 


1.5 


And, J = 150 amperes. 


From a consideration of this prob- 
lem, one would infer that parallel 
grouping is superior to series group- 
ing, since 20 cells in series furnish only 
a trifle more current than a single cell. 
In our first problem, the external re- 
sistance was very large compared to 
the total internal resistance. In this 
problem, the external resistance was 
smaller than the internal resistance. If 
the maximum current is desired, we 
always use such a method of group- 
ing cells that the external and total in- 
lernal resistances are as nearly equal 
as possible. If the external resistance 
is large, use series grouping. When the 
external resistance is small, use parallel 
grouping. It is possible to have cells in 
mized grouping. For example, it is 
possible to have two parallel groups of 
three cells each connected in series. 


Summary 


A voltaic cell consists of two dissimilar plates immersed in a solution 
that acts chemically upon one of them. 

Local action in a voltaic cell is caused by miniature circuits set up 

* between carbon impurities from the zine and the zinc plate itself. [t is 
usually remedied by amalgamating the negative plate. 

Polarization is a defect in a voltaic cell due to the accumulation of 
hydrogen bubbles on the positive plate. The hydrogen may be destroyed 
by the use of an oxidizing agent; or, by the use of some mechanical 
device, it may be kept from coming into contact with the positive plate. 
_ Ohm's law is fundamental; it may be stated as follows: The current 
in amperes flowing in a circuit is directly proportional to the voltage and 
inversely proportional to the resistance in ohms. 

The resistance of a conductor: (1) is directly proportional to its length; 
(2) depends upon the material; (3) increases with the temperature in 


metallic conductors; and, (4) varies inversely as the square of the di- 
ameter, 
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The E.M.F, of a cell depends only upon the materials used in its con- 
struction; it is independent of the size or shape of the plates, or of the 


distance between them. 


The current a cell can furnish is directly proportional to its E.M.F.; 
it is inversely proportional to the internal resistance. Its internal re- 
sistance is decreased by using large plates and by placing them near 


together. 


Cells are grouped in series or parallel. Series grouping gives the better 
results when the external resistance is large; parallel grouping is better 
when the external resistance is small compared with the internal re- 


sistance. 


How many of the following terms can you define or explain? 


Positive plate 
External circuit 


Voltage of cells 
Series grouping 


Dry cell 
Laws of resistance 


Local action Negative plate Resistance of cells 
Oxidizing agent Internal circuit Parallel grouping 
Ohm’s law Polarization Non-polarizing cell 


QUESTIONS 


(1. What is an electric current? What 
causes it to flow? 

(2. In which direction does the current 
flow in the external circuit of a voltaic cell? 
In which direction do the electrons flow? 

3. Does a voltaic cell create energy? 
Explain. 

4.) What are the two defects of vol- 
taic cells, and how may each of them be 
remedied? 

| 5. One manufacturer of dry cells claims 
that his product does not need to be dated, 
since a new method of construction pre- 
vents the cells from drying out in storage. 
Do a think that his claim is a legitimate 
one 

6. With continuous hard usage the cur- 
tent produced by a dry cell will diminish. 
However, after the cellhas stood awhile, the 
cell will recover. Explain what happened. 

7. Why is Ohm’s law a fundamental 
relation in the study of electricity? 

(8. What is the unit of current strength? 
Of electrical potential? Of resistance? 

(9. Upon what does the voltage of a 
Voltaic cell depend? 

10. Upon what does the internal resist- 
ance of a voltaic cell depend? i, 

ll. How is the resistance of a wire 
affected by doubling its length? 


12. How is the resistance of a wire 
affected by doubling its diameter? 
13. Suppose both the length and diam- 


‘eter of a wire are doubled. How is the re- 


sistance changed? 

14. For what purposes are dry cells used 
today? 

15. How are the dry cells connected in a 
flashlight, in series or in parallel? What 
voltage bulb should be used with a three- 
cell flashlight? 

16. When not in use should a gravity 
cell be kept on closed or open circuit? On 
what kind of circuit should a dry cell be 
kept when not in use? Explain. : 

17. When would you connect cells in 
series?) When would you join them in 
parallel? 

18. Why is the combined internal re- 
sistance for a group of cells in parallel less 
than that of a single cell? How do you cal- 
culate the combined resistance for a group 
of cells joined in series? 

19. When measuring the internal re- 
sistance of a cell (Section 556), why are the 
voltmeter and ammeter readings not taken 
simultaneously? 

20, Will more current flow through the 
heating coils of an electric iron when they 
are cool or when they are hot? 
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as PROBLEMS 


Group A 


1. If an electric iron uses 10 am- is the resistance of 1000 ft. of this wire, 


peres on a 110-volt circuit, what is its 
resistance? 

2. Calculate the current used by a lamp 
which has a resistance of 440 ohms when 
operated on 110 volts. 

3. A certain wire 100 ft. long has a re- 
sistance of 25 ohms. What will be the re- 
sistance of 500 ft. of this wire? 

4, A piece of wire having a diameter of 
0.09 in. has a resistance of 15 ohms. What 
will be the resistance of a piece of wire of 
the same length and the same material, if 
the diameter is reduced to 0.01 in.? 

. If the internal resistance of a dry cell 
is 0.1 ohm, how many amperes will it cause 
to flow through an external resistance of 
40 ohms? The voltage of the cell is 1.5. 

6. A wire, 0.02 in. in diameter, has a 
resistance of 2 ohms per 100 ft. What will 
be the resistance of 400 ft. of wire of this 
same material, if the diameter is reduced 
to 0.01 in.? 

7. An electric heater uses 15 amperes of 
current when it is operated on a 110-volt 
circuit. What is the resistance of the heating 
coil? 

8. A wire is 10 mils in diameter. What 

J if Lt | KA 

ATE Ti 

. An electric current of one ampere 
will deposit 0.001118 g. of silver per sec- 
ond. If 0.5 g. of silver were deposited in 5 
min., what was the strength of the current? 

17. What length of No. 24 manganin 
wire will be required to make a resistance 
coil/of 100 ohms? (K. = 400.) 

“WB. What is the resistance of 5000 ft. of 
No. 27 copper wire? 

19, What is the resistance of 5000 ft. of 
No. 30 copper wire? How does this re- 
sistance compare with that found in Prob- 
lem 18? 

20. A piece of wire 0.2 mm. in diameter 
has a resistance of 10 ohms. If the wire is 
passed through a die which reduces its 
diameter to 0.1 mm., what is its resistance? 
(Hint: What is the change in the length 
of the wire as a result of being passed 
through the die?) 

21. A regular electric lamp operates on 


assuming that it is made of copper? 
(K= 10.38.) 

9, Suppose the wire of Problem 8 is 
made of German silver (K = 181). What 
is its. resistance? 

10, What voltage will be required to 
send a current of 25 amperes through a 
resistance of 40 ohms? 

11. An electric toaster uses 5 amperes of 
current on a 110-volt circuit. What is the 
resistance of the heating coils? If they are 
made of nichrome wire, 20 mils in diameter, 
how many feet of wire are needed? (K 
= 660.) 

12. Find the resistance of 500 ft. of No. 
18aluminum wire. See Table 17, AppendixB. 

13. How many feet of No. 30 copper wire 
will be needed to make a resistance of 
1000 ohms? 

14. Two cells, 1.5 volts each, are con- 
nected in series. They each have an in- 
ternal resistance of 0.4 ohm. What current 
will flow, if they are connected to an ex- 
ternal resistance of 2.2 ohms? 

15. If the cells of Problem 14 are joined 
in parallel, and then connected to the ex- 
ternal resistance, what current will flow? 


Group B 


115 volts. How many cells, 1.5 volts each, 
must be connected to operate this lamp? 
How must they be connected, in series or m 
parallel? Explain. $ 

22. The heating coils of an electric ironer 
use 12 amperes on a 110-volt circuit. What 
is the resistance? If these coils are to be 
25 ft. long, what diameter nichrome wite 
must be used? Approximately what gauge 
n r will this nichrome wire be? 

3. What is the specific resistance of 
aluminum, if a spool of No. 18 wire, 1000 
ft. long, has a resistance of 10.7 ohms? 

24. A storage battery is made up ° 
thrée cells connected in series. Each re 
gives 2.0 volts. What is the total voltage ° 
the battery? What current will this battery 
furnish to a device which has a resistance 0 
25 ohms? The internal resistance of e4¢ 
cell is 0.1 ohm. - 

25, How much greater must the diame 
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ter of aluminum wire be to have the same 
resistance as a piece of No. 18 copper wire? 
Compare the weights of 1000 ft. of each 
of these wires. Why is aluminum replacing 
copper in long high-voltage transmission 


lines? 
oe A voltaic cell has an E.M.F. of 
1.5 volts; its internal resistance is 0.2 ohm. 
What current can five such cells in series 
yield if the external resistance is 25 ohms? 
27. What current will the five cells of 
Problem 26 furnish when joined in parallel? 
28. What current will the five cells of 
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Problem 26 furnish if they are joined in 
series with an external resistance of 0.05 
ohm? 

29. What current will the five cells of 
Problem 26 furnish if they are joined in 
parallel and the external resistance is 0.05 
ohm? 

30. A voltaic cell has an E.M.F. of 2.0 
Yolts, and an internal resistance of 0.1 ohm. 
What current will six such cells joined in 
series yield, if the external resistance is a 
piece of nichrome wire 3 ft. long and 20 mils 
in diameter? (K = 660.) 


Unit Ten 
Chapter 24 


Effects of the Electric Current 


560. Electricity produces many 
different effects. Electricity is one of 
the forms of energy. It can be changed 
into many of the other forms of energy, 
and in being changed produces many 
varied effects. In this chapter we shall 
study some of these changes. The most 
important ones are: 

1. When electrons are pushed 
through a conductor, they encounter 
resistance or friction and part of their 
energy is transformed into heat energy. 

2. If sufficient heat is produced, the 
conductor may glow and produce light 
energy. 


3. The electric current may be used 
to decompose compounds and produce 
a chemical effect. Hence it can be used 
to plate metals, to extract metals from 
their ores, and to charge storage bat- 
teries. 

4. An electric current sets up a mag- 
netic field around the conductor, and 
the magnelic effects of cloctricity are 
very important. 

5. If one touches a “live” wire, his 
muscles will contract convulsively; 
electricity may produce physiological 
effects. All but the last of these effects 
are studied in this chapter. 


1. Magnetic Effects 


561. Oersted’s discovery. It was in 
1819 that Hans Christian Oersted, a 
Danish physicist, made an important 
discovery in the science of electricity. 
He found that a small compass needle 
is deflected when it is brought near a 
conductor through which a current is 
flowing. This fact furnishes proof of a 
relationship between electricity and 


magnetism. The mere fact that an elec- 


‘trie current sets up a magnetic field 


around the conductor through which it 
is flowing may at first seem rather un- 
important, but Oersted’s discovery has 
led to some important things: 

1. The development of the electro- 
magnet is a direct outgrowth of this 
discovery. 


Vocabulary, «a 


Execrrorysts, the decomposition of a com- 
pound by means of the electric current. 
ELECTROLYTE, a compound which ionizes 
when melted or dissolved and thus becomes 

a conductor of electricity. 

Carnone, the negative terminal of an elec- 
trolytic cell, or the way by which the elec- 
trons enter the cell. 

Anone, the positive terminal of an electrolytic 


cell, or the way by which the electrons 
leave the cell. 


MerTarLuRey, the science of extracting metals 
from their ores. 

Surration, an accumulation of lead sulfate 
on the plates of a storage cell. 

HeLrx, a spiral coil. 

ARMATURE, a piece of soft iron placed across 
the ends of an electro-magnet. L 

CryoLrTeE, a mineral which, when melted, will 
dissolve aluminum ore. 1 

Nicrrome, an alloy which has a high resist- 
ance and a high melting point. 
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Brown Brothers 


Fig. 610. Hans Christian Oersted (1777-1851) 
was a Danish physicist. In 1819 he made his 
famous discovery of the relationship between 
electricity and magnetism. This discovery paved 
the way for the invention of the electro-magnet 
and the galvanometer. 

2. Many electrical instruments de- 
vised for detecting the presence of an 
electric current or for measuring its 
strength are the result of Oersted’s 
simple discovery. (See Fig. 610.) 

562. How can one find the direc- 
tion of current flow? Suppose we 
repeat Ocrsted’s experiment. We con- 
nect the terminals of a loop of wire to 


= Electron flow 
<- Electron flow 


Fig. 611. Oersted's experiment proved that 
electricity and magnetism are related. 
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a voltaic cell, and place a compass 
needle below the wire when the plane 
of the loop is in a north-and-south line. 
(See Fig. 611.) When the current flows 
from south to north, the north-seeking 
pole of the compass needle is deflected 
toward the wesi. When the current is 
reversed, the north-seeking pole is de- 
flected toward the east. Fig. 612 gives 
us a bird’s-eye view of the apparatus 
as the deflections appear when we look 
downward. If one knows the direction 
in which the current is flowing, he can 
tell how the needle will be deflected. 
If he knows how the needle is de- 
flected, he can tell the direction of the 
current. A right-hand rule has been 
devised to aid the student’s memory. 

Right-hand rule. 1. If we grasp the 
wire with the thumb of the right hand 
pointing in the direction in which the 
current flows, the fingers beneath the wire 
will point in the direction in which the 
north-seeking pole is deflected. Of course, 
the needle will be deflected in the op- 
posite direction if it is placed above the 
wire carrying the current. 

563. Lines of force encircle a con- 
ductor. From Oersted’s experiments, 
it is evident that an electric current 
produces a magnetic field in which 
magnetic lines of force encircle the 
conductor. Let us pass a vertical wire 


S 
\ 


N Looking down upon needle. 
Wire above needle. 
N 


S 
Fig. 612. Looking down upon the magnetic 


| Current | 
flows downward 


A B 

Fig. 613. The magnetic lines of force encircle 
the conductor. 
through a cardboard and place thereon 
four small compasses. When a current 
flows through the wire, the compass 
needles are deflected until they become 
nearly tangent to the lines of force 
about the conductor. When the cur- 
rent flows upward, the lines of force 
encircle the conductor in a counter- 
clockwise direction, Fig. 613A. When 
the current flows downward, the lines 
of force are clockwise, Fig. 613 B. 

Right-hand rule. 2. This rule, which 
is not unlike 1, applies to vertical con- 
ductors. Grasp the conductor wilh the 
right hand so that the thumb points in 
the direction in which the current flows; 
the fingers encircle the wire in the direc- 
tion of the lines of force. 

564. What is the helix or sole- 
noid? If we make a loop in a wire 


Lines of force 
encircle wire 


4 


Fig. 614. A loop of wire may act as a disc 
magnet, 
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Some lines of force | 
stray away- 


Fig. 615. The helix has polarity. 
carrying a current, the faces of the loop 
will show polarity. The reason for such 
polarity becomes obvious, if we study 
the direction of the lines of force about 
the wire. (See Fig. 614.) Inside of the 
loop all the lines of force are upward, 
toward the north-seeking pole. On the 
outside of the loop all the lines of force 
are downward, toward the south-seek- 


ing pole. The face of the loop toward 


the observer becomes the north-seeking 
pole when the current {low in the loop 
iscounter-clockwise. Reversing the direc- 
tion of the current reverses the polarity. 
The polarity becomes much more 
pronounced, if we wind several such 
loops in the form of a spiral. (See Fig. 
615.) OF course, each loop becomes a 
magnet, and the whole spiral then acts 
like a row or pile of disc magnets with 
their unlike poles adjacent. Such a 
spiral is called a helix or a solenoid. 
565. The electro-magnet. If we 
refer to Fig. 615, we see that many of 
the lines of force tend to stray between 
the loops of the helix. Thus the mag- 
netic force is scattered. To prevent 
such dissemination of the magnetic 
force, we may place an iron bar in the 
helix. The iron core is very permeable, 
and it affords an excellent path for the 
lines of force. (See Fig. 616.) Now we 


$ Lines of force | 
follow iron 


Fig. 616. The iron bar in the helix concentrate? 
the lines of force, 
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have an eleclro-magnel, a development 
from Oersted’s experiment that was 
made practical by Joseph Henry, an 
American physicist. 

566. How can we make an elec- 
tro-magnet? For the core of the 
magnet we must select soft iron or sili- 
con steel of great permeability so that 
it can be easily magnetized and demag- 
netized. Upon this core we wind a large 
number of turns of insulated wire. 
Shellac may be used to hold the wire 
in place. The wire must be insulated to 
prevent a short circuit from one coil to 
the adjacent one or through theironcore. 

When the ends of the wire are con- 
nected to a voltaic cell, a current flows 
through the coils and forms a tempo- 
rary magnet. When the circuit is 
broken, the electro-magnet loses nearly 
all its magnetism. The core retains a 
trace of what is called residual mag- 
nelism. 

567. How can, one increase the 
strength of an electro-magnet? 
Since each coil of wire carrying a cur- 
rent has its own lines of force, we can 
increase the strength of an electro-mag- 
net by increasing the number of coils 
or turns. It is possible, too, to increase 
the strength of an electro-magnet by 
sending more amperes of current 
through the coils. Both statements 
may be combined to read: The strength 
of an electro-magnet depends upon the 
number of ampere-lurns, The more 
permeable the core of the magnet, the 
more easily it is magnetized and de- 
magnetized. 

568. How can we find the polarity 
of an clectro-magnet? Two methods 
can be used to find the polarity of an 
electro-magnet. 

1. We may test the poles of the mag- 
het with a compass needle. That pole 
Which repels the north-seeking pole of 
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the needle is of course the north-seek- 
ing pole of the magnet, and conversely. 

2. We may make use of the direction 
of the lines of force, just as we did 
with the helix. This gives us a third 
right-hand rule. 

Right-hand magnel rule. 3. Grasp the 
magnet with the right hand with the 
fingers encircling the magnet in the di- 
rection in which the current flows; the 
extended thumb points to the north-seek- 
ing pole of the magnet. 

An electro-magnet may be horse- 
shoe-shaped. In such a case, a coil of 
wire is wound around each pole of the 
magnet. Around one pole the wire is 
wound in a clockwise direction and 
around the other pole it is wound in a 
counter-clockwise direction. If we look 
down upon the end of such an electro- 
magnet at the two poles, we find that 
the current flowing in a counter-clock- 
wise direction produces a north-seeking 
pole, and the current flowing in a clock- 
wise direction produces a south-seeking 
pole. (See Fig. 617.) 

569. What uses are there for elec- 
tro-magnets? With a permanent bar 
magnet one can pick up a few tacks 
or nails, but it is possible to make elec- 
tro-magnets strong enough to pick up 
tons of scrap iron or bars of steel. Such 
lifting magnets find use in loading and 
unloading scrap iron and steel, in 
handling steel billets, for lifting kegs 
of nails, and in manufacturing plants 
where heavy iron or steel machinery 


Counter clockwise Clockwise 


Fig. 617. Looking down upon the poles of an 
electro-magnet. 
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Courtesy of the United States Steel Corporation 


Fig. 618. The electro-magnet is used for lifting steel and scrap iron. 


has to be hoisted. Electro-magnets 
have been made which are so strong 
that they can lift a load of 200 1b. 
for each square inch of pole face. (See 
Fig. 618.) 

Surgeons have used electro-magnets 
for removing small splinters of steel 
from the eyeball or other parts of the 
body. We sometimes use electro-mag- 
nets to operate the drafts for the fur- 
nace. 

Many electrical instruments make 
use of the electro-magnet. The electric 
bell, the telegraph, the electric gen- 
erator, and the electric motor are im- 
portant examples. Some measuring 
instruments also use an electro-magnet, 
either directly or indirectly. 


570. Of what does the dlestite. 


bell consist? Let us refer to Fig. 619 
to study the parts of the electric bell. 
Mounted permanently upon an iron 
base we have a rather small electro- 
magnet. One end of the wire used for 


the magnet windings is attached to a 
binding post, D, which is insulated 
from the base. The other end is at- 
tached to the contact screw. Fastened 


Fig. 619. Diagram of the electric bell. 
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to the base of the bell is the spring 
which is bent over to make contact with 
the adjustable contact screw. A soft 
iron armature which carries the ham- 
mer is fastened to the spring. The 
spring is flexible, and as it vibrates back 
and forth the hammer strikes a series 
of blows upon the gong. 

571. How does the electric bell 
work? Suppose we attach a voltaic 
cell to the binding posts, B and D, 
so that the current will enter the bell 
at D. It flows through the coils of the 
magnet to the contact screw, and then 
along the spring and. through the iron 
base of the bell to B, As it flows 
through the magnet coils, it energizes 
the magnet, which then attracts the 
armature so strongly that the hammer 
strikes the gong. But when the arma- 
ture is pulled over toward the magnet, 
the bent end of the spring is pulled 
away from the contact screw, thus 
breaking the circuit. The magnet then 
loses its magnetism and ceases to at- 
tract the armature. On account of its 
elasticity the spring forees the arma- 
ture and hammer back to their former 
position. The circuit is now closed. 
again, and the current re-magnetizes 
the magnet. The whole operation is 
repeated as before. The spring alter- 
nately “makes” and “breaks” the cir- 
cuit, and the magnet is magnetized and 
then demagnetized in succession, thus 
causing the hammer to vibrate rapidly. 

572. How are bells wired? Some- 
times one wishes to have one bell in 
the hall and another in the kitchen, 
both operated by one push button. In 
such a case, the two bells are wired in 
parallel, as shown in Fig. 620A. When 
We push the button and close the cir- 
cuit, the current from the battery di- 
Vides, part flowing through one bell 
and a part through the other. 
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Possibly it is desirable to have one 
bell operated by either one of two push 
buttons. Then the wiring is like that 
shown in Fig. 620 B. The battery must 
be placed between the bell and the 
nearest push button to the bell. 

573. Morse invented the tele- 
graph. In 1837 the inventor of the tele- 
graph, Samuel F. B. Morse, gave a 
public demonstration of a telegraph 
by sending signals over a half-mile of 
wire. Six years later, Congress appro- 
priated $30,000 to build an experi- 
mental line between Baltimore and 
Washington. The first message, “ What 
hath God wrought,” was sent from 
Washington to Baltimore on May 24, 
1844. (See Fig. 621.) 

For the successful operation of a tele- 
graph system several parts and appli- 
ances are needed. The line wires, the 
batteries, the key, the sounder, and the 
relay are essential parts of every sys- 
tem. 


B 
Fig. 620. A. Two bells wired in parallel. 


B. Two push buttons in parallel. 


ł 
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Fig. 621. Samuel F. B. Morse (1791-1872) was 
an American inventor. He was a Professor of 
Design at New York University, but gave much 
attention to chemistry and electricity. He 
is the inventor of the electric telegraph. 


574. The key is a circuit closer. 
The telegraph key is used merely to 
open and close the circuit. The appara- 
tus is more refined than the ordinary 
contact key or push button, since the 
contact points are made of platinum or 
tungsten to prevent corrosion. Thus a 
good contact is always assured. See 
Fig. 622. When the key is not in use, a 
lever or switch-key S is used to close 
the circuit. Unless the telegraph line is 
kept on closed circuit, it is impossible 
for one operator to call another at the 
farther end of the line. 


Fig. 622. A telegraph key. 
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575. The sounder gives the signal. 
The word telegraph is derived from two 
Greek words meaning “far” and 
“write,” or ‘“far-writing.” In one of 
the early forms, a pencil was used to 
write the signals on a strip of paper. 
Now, a sounder, which produces an 
audible signal, is used. It consists of 
an electro-magnet mounted. upon the 
base of the instrument. A light alumi- 
num lever, pivoted at A, Fig. 623, car- 
ries an iron armature so that it is 
suspended a fraction of an inch above 
the poles of the magnet. The coiled 
spring keeps the lever in position. When 
a voltaic cell is attached to the binding 
posts, B and C, and the circuit closed, 
the electro-magnet is energized; it at- 
tracts the iron armature and pulls the 
lever down so that a small set screw 
which it carries near one end strikes 
the metal shoulder, D, with a sharp 
click. When the circuit is broken by 
the operator releasing the key, the 
magnet loses its magnetism and the 
spring then pushes the armature back 
away from the magnet. The operator 
learns to read the signals by their 
length and frequency, according to the 
Morse code. 

576. What is the Morse code? 
When a telegraph key is pressed an 
released quickly, the sounder gives i 
short, sharp click known as a “dot. 
When the key is held for a slightly 
longer time, the sound is somewhat 


Magnet 
Fig. 623. A telegraph sounder. 
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prolonged, producing what is called a is connected through the binding post 
“dash.” Morse, the inventor of the D when the end of the armature is 
telegraph, devised a system of dots and pulled over into contact with the end 
dashes to represent the different letters of the screw, E. The screw, F, has a 
of the alphabet. It is possible to have tip of insulating material. 
the sounder lever carry a pencil and 578. How are telegraph instru- 
record the series of dots and dashes on ments connected? The diagram, Fig. 
astrip of paper, but in telegraph offices 625, shows how the key, sounder, and 
the operators read the message by ear relay are connected at one end of a tele- 
from the clicking of the sounder. graph line. The electro-magnet of the 
577. Why is a relay needed? The relay is connected to the line wire 
line wires are usually made of galva- through the switch or key. The line 
nized iron of fairly low resistance. Such battery supplies current to the line 
wires are strung on poles and carefully wire. Two wires may be used, or a single 
insulated to prevent grounding. Since wire, one end of which is grounded. 
the line may be miles and miles in The armature of the relay makes and 
length, the resistance may become breaks the circuit through the local 
great enough to reduce the current battery, which operates the sounder. 
strength to a small value. It may even ‘At the opposite end of the line the in- 
become so feeble that the click of the struments are connected in the same 
sounder is too faint to be heard easily. manner. 
To prevent such a condition, a relay is When the operator at the far end of 
used. the line is sending a message, the key 
The relay serves to open and close a at the near end is kept closed, either 
circuit through the sounder and a local by the slide lever provided for that 
battery. It consists of an electro-mag- purpose, or by the local operator him- 
net of a large number of turns of wire. self. When the local operator 1s ready 
This magnet is connected to the line to send a message in reply, the operator 
wires. (See Fig. 624.) When the current at the far end of the line must close 
enters the relay through the binding the key of his instrument. 
posts, A and B, it energizes the electro- Local battery 
magnet, and by means of a pivoted 
armature it alternately “makes” and 
“breaks” the local circuit through the 
sounder. One end of the armature is 
connected to the local circuit through 
the binding post C, and the other end 


Relay 
magnet 


Fig. 625. Diagram of a local telegraph system, 


To he alente relay. 5 showing key, sounder, relay, and batteries. 


y 


460 


579. What is the teletype sys- 
tem? Instead of the sounder, one may 
use a continuously moving roll of paper 
for receiving the Morse signals. As the 
paper moves beneath the pencil arm of 
the sounder lever, the dots and dashes 
are recorded upon it. It is possible, too, 
to have the message written on a ma- 
chine similar to a typewriter. As the 
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operator types the message, it is re- 
corded automatically on a strip of 
paper at the other end of the line. In 
fact, such a message may be recorded 
at a large number of stations at the 
same time. The teletype system is ex- 
tensively used by the police in sending 
out general alarms. It is also used by 
news bureaus. 


2. Chemical Effects 


580. What is electrolysis? All 
chemical compounds are made up of two 
or more elements. From our study of the 
voltaic cell, we know that the com- 
pound hydrogen chloride (HCI) is 
made up of two elements, hydrogen 
(H) and chlorine (Cl). The compound 
known as water (H20) is made up of 
hydrogen and oxygen. Some com- 
pounds are broken up or decomposed 
by the action of sunlight; some are 
decomposed by the use of heat; com- 
pounds which dissolve in water or those 
which can be easily melted may be de- 
composed by the use of the electric cur- 
rent. The process is called electrolysis 
(meaning “to loose by electricity”). 
Hence, we may define electrolysis as 
the. decomposition of a compound by 
means of the electric current. = 

581. What are the parts of an 
electrolytic cell? The vessel or tank 
in which electrolysis occurs is known as 
an electrolytic cell. The student must 
distinguish between the voltaic cell and 
the electrolytic cell. In the former, we 
transform chemical into electrical en- 
ergy; in the latter, electrical energy is 
transformed into chemical energy. The 
voltaic cell is often called a primary 
cell, while the electrolytic cell is known 
as a secondary cell. In the electrolytic 


cell of Fig. 626, we have two electrodes. 
The electrode connected to the positive 
terminal of some source of current is 
called the anode, Of course, the anode 
is positively charged. The other elec- 
trode is called the cathode. Since the 
cathode is joined to the negative termi- 
nal of a generator or battery, it is nega- 
tively charged. Thus the current enters 
the cell by way of the anode and leaves 
by way of the cathode. The solution 
or liquid through which the current 
flows in the cell is known as the elec- 
trolyle. 

582. How can we electrolyze 
water? When we try to pass an elec- 
tric current through pure water, we find 
that water is not a conductor. Hence 
we cannot decompose it directly by 
electrolysis. An indirect method may 


j ists of 
Fig. 626. An electrolytic cell, which consita a 
an anode and a cathode connected to a 5° 
of current and immersed in an electrolyte. 
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be used to get the same results. A little 
sulfuric acid added to water makes it a 
semi-conductor. Sulfuric acid (H504) 
is a compound made up of hydrogen, 
sulfur, and oxygen. When sulfuric acid 
is dissolved in water, a molecule of the 
acid breaks up into two hydrogen ions, 
(H+), each carrying a positive charge 
of electricity, and one sulfate ion, 
(SO.=), which carries two negative 
charges of electricity. Water also ion- 
izes to a very slight extent. Each water 
molecule on ionizing produces a hy- 
drogen ion, and a hydroxide ion, 
(OH-). The hydroxide ion carries a 
single negative charge. 

Suppose we put into this solution of 
sulfuric acid and water two electrodes 
made of platinum and connect them 
to the terminals of a battery as in Fig. 
627. Since charges of unlike sign at- 
tract, the cathode will attract the 
hydrogen ions, and the anode will at- 
tract both the sulfate ions and the 
hydroxide ions. 

When the hydrogen ions reach the 
cathode, they take electrons from it and 
become bubbles of neutral hydrogen 
gas, which escape from the solution. 
At the anode there are two possible re- 
actions. Either the sulfate ions or the 


Fig. 627. How a cell is hooked up for the elec- 
trolysis of water. 
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hydroxide ions may be discharged and 
give up their electrons. Since the sul- 
furic acid ionizes almost completely, 
and water ionizes only very slightly, 
there will be many, many more sulfate 
ions near the anode to be liberated 
than hydroxide ions. However, even 
though the sulfate ions outnumber the 
hydroxide ions, less voltage is needed 
to discharge the hydroxide ions. Con- 
sequently it is these ions which are 
liberated. Four hydroxide ions when 
liberated produce two molecules of 
water, and one oxygen molecule. This 
oxygen gas bubbles from the solution. 

If we use an apparatus of the type 
shown in Fig. 628, the two gases may 
be collected. The hydrogen accumu- 
lates in the tube which surrounds the 
cathode, and the oxygen in the tube 
which surrounds the anode. Two vol- 
umes of hydrogen are set free for every 
volume of oxygen. The amount of sul- 
furic acid is unchanged. 

A knowledge of the electrolysis of 
water is important for the student who 
wishes to understand the chemical ac- 
tion in a storage cell when it is being 
charged and while it is discharging. 
Both hydrogen and oxygen have many 
industrial uses. One of the commercial 


Fig, 628. A diagram of an apparatus that may 
be used for the electrolysis of water. 
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methods of preparing them is by the 
electrolysis of water. 

583. How are metals plated? Our 
most useful metal, iron, rusts rapidly 
when exposed to moist air. It may be 
painted with powdered aluminum to 
give it a protective covering. It may 
be galvanized by dipping it into molten 
zinc, or tinned by dipping it into a 
bath of molten tin. It may be coated 
with copper, nickel, or chromium by a 
process called electro-plaling. Some of 
the baser metals are also plated with 
such metals as silver, gold, chromium, 
or rhodium to improve their appear- 
ance. 

Suppose we use the method of copper 
plating to illustrate the process. The 
plating is carried on in an electrolytic 
cell or vat. The electrolyte used is a 
slightly acid solution of copper sul- 
fate (CuSO,) in water. In the electro- 
lyte there are copper ions (Cut), sul- 
fate ions, (50,7), hydrogen ions, (H+), 
and from the ionization of water, a 
very few hydroxide ions, (OH-). The 
object to be plated is suspended from the 
cathode. The anode is a bar of pure 
copper. (See Fig. 629.) 

When the current is turned on, the 
copper ions are attracted to the cath- 
ode where they take on electrons and 
become copper atoms. The copper 
atoms are deposited in an even layer 
on the object to be plated. At the 
anode three possible reactions may 
occur to furnish electrons. Sulfate ions 
may be discharged, hydroxide ions may 
be discharged, or copper atoms may 
form copper ions. The formation of 
copper ions from copper atoms takes 
place at the lowest voltage of the three 
possible reactions. So that is the reac- 
tion which occurs. As a copper ion 
plates out on the cathode, a copper 
atom from the anode forms a copper 
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ion in the electrolyte. This action 
keeps the concentration of copper ions 
in the electrolyte nearly constant. 

If we wish to plate an object with 
silver, we attach it to the cathode and 
use a bar of pure silver as the anode, 
Some salt of silver is used as the elec- 
trolyte. The action is similar to that 
which occurs during the plating with 
copper. The positively charged silver 
ions migrate to the cathode where they 
gain electrons and are deposited as me- 
tallic silver. 

In general, the object to be plated is 
made the cathode; a bar of the pure metal 
wilh which the object is lo be plated is 
made the anode; a sall of ihe metal is 
used as the electrolyte. The metal plating 
adheres better if a relatively small cur- 
rent is used during the plating. When 
the amperage is too high, the metal 
plate will be crystalline, and it will 
scale off. More amperage may be used 
to hasten the process if the electrolyte 
is stirred or agitated. This may be done 
by a mechanical stirrer, or by rotating 
either the anode or the cathode. Thus 
the ions are kept evenly distributed. 

584. How are electrotypes made? 
The type for newspapers is usually set 

+Cells 


Fig. 629. How a cell may be wired for electro- 
plating. 
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on linotype machines. After the paper 
is printed, the type is melted to be 
used over again. If a person wishes the 
same advertisement used in several 
papers or magazines, or in several suc- 
cessive issues of the same magazine, 
he may have the type set just once, 
and then have as many electrotypes 
made and sent to various printers as 
he wishes. Thus he saves labor costs. 

In the making of an electrotype, the 
type page may be set in the usual way, 
by hand or by machine. Then an im- 
pression of the type page is made by 
covering it with a special wax which is 
pressed down into the type to fill all 
the depressions. The wax is then re- 
moved and the face of it is covered with 
graphite in order to make it a con- 
, ductor. Next it is attached to the cath- 

ode of a copper-plating cell. When a 
firm layer of copper has been deposited 
by electrolysis, the electrotype is re- 
moved from the plating solution. The 
wax is melted away and the copper 
sheet is backed with tin foil and enough 
cheap metal to make it so thick and 
rigid that it will not bend in the print- 
ing press. To lengthen its life, the elec- 
trotype may be plated with nickel to 
increase its hardness. 

From plates or electrotypes made in 
this manner, publishers may print a 
few thousand copies of a book, and 
then store the plates until the first 
printing has been sold. Tt takes only a 
short time to put the plates in a press 
and print more copies as needed. (See 
Fig. 630.) 

Thousands of phonograph records 
are made from one master record which 
is an electrotype made from the origi- 
nal record. Facsimile reproductions of 
chased ornaments and of other works 
of art are often made by means of 
electrolyping. 


pe | 


Fig. 630. An electrotype used for printing a 
textbook page. Over 250,000 impressions were 
taken from it, The three figures separated from 
the type are illustrations. 


585. How are metals extracted? 
Tn one of his lectures, Professor Jewett, 
of Oberlin College, made the following 
remark: “Any person who discovers a 
process by which aluminum can be 
made on a commercial scale will bless 
humanity and make a fortune for him- 
self.” As the students left the room, 
Charles Martin Hall remarked to a 
classmate, “I’m going for that metal.” 
Hall borrowed some voltaic cells from 
Professor Jewett and from the physics 
laboratory of the college and set up a 
laboratory in his woodshed. Two years 
later he handed to Professor Jewett a 
lump of aluminum that he had extracted 
by electrolysis. At that time, in 1886, 
aluminum cost about $8.00 per pound. 

Many metals are extracted from 
their ores by heating the ores with 
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Fig. 631. Apparatus used for electrolysis of aluminum oxide. 


coke or carbon. This method does not 
work with aluminum. The chief ore of 
aluminum is bauxite, which consists 
largely of aluminum oxide, Al,O3. Be- 
fore the oxide can be decomposed by 
electrolysis, it must be either melted or 
dissolved to ionize it. Since its melting 
point is about 2000° C., and it does 
not dissolve in water, Hall had to look 
for a solvent. He found that aluminum 
oxide will ionize in melted cryolite, a 
mineral found in Greenland. 

In the Hall process, an iron box is 
made the cathode. (See Fig. 631.) The 
anode consists of several carbon rods 
which dip down into the electrolyte, a 
solution of aluminum oxide in melted 
cryolite. The negative oxygen ions mi- 
grate to the carbon rods. The alumi- 
num ions migrate to the cathode where 
they are neutralized to form atoms of 
aluminum. The molten aluminum col- 
lects in the bottom of the box, whence 
it is tapped off from time to time. This 
process, known as electro-metallurgy, is 
carried on at Niagara Falls where elec- 
trical energy is inexpensive. The Hall 
process, which reduced the price of 
aluminum to about 20 cents per pound, 
proved so successful that when he died 
in 1914, he left several million dollars, 
a part of the estate he acquired through 
his discovery, to Oberlin College, 

Other metals, such as sodium, mag- 


nesium, and potassium, are extracted 
from their ores by electrolysis. The 
non-metal chlorine is also prepared by 
the same method. Either a solution of 
common salt in water, or the fused salt 
itself, may be used as the electrolyte. 
Chlorine is set free at the anode. 
Fluorine, which was used in preparing 
active U-235 for atomic bombs is also 
produced by electrolysis. 

Certain metals are refined by elec- 
trolysis. Copper, for example, is puri- 
fied by using a bar of impure copper 
as the anode of an electrolytic cell, and 
a thin sheet of very pure copper as the 
cathode. When the current is turned 
on, the impure copper goes into solu- 
tion at the anode, and highly refined 
copper is plated upon the cathode. The 
impurities collect atthe bottom of the 
tank as a kind of “mud,” from which 
gold and silver, which are often found 
in small quantities in copper ores, are 
recovered. They are separated from 
each other, and may be refined by elec- 
trolysis. (See Fig. 633.) Tin is purified 
by electrolysis in a similar manner to 
that used for refining copper. 

Copper which is to be used for elec- 
trical purposes must be very pure. Small 
traces of arsenic or antimony present 
in copper will nearly double its resist- 
ance to the passage of an electric y 
rent. The presence of only 0. 4% of 


Courtesy of the Electro Bleaching Gas Company 


Fig. 632. Preparation of chlorine by means of electrolysis. Chlorine is set free in these large cells 
and forced under pressure into steel cylinders. The chlorine liquefies and is marketed in this manner, 


* Courtesy of the Anaconda Copper Mining Company 


Fig, 633. View of the tankhouse in which copper is refined by electrolysis. Note the enormous 


size of the buildi d the huge number of electrolytic cells, In the foreground we see one set of 
anodes and cathodes lifted from their electrolytic cell, In some cases, the gold and aar meh 
are recovered during the refining of copper are valuable enough to pay the expenses of the refining 
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iron in a copper wire lowers its conduc- 
tivity 64%. 

586. What are the laws of elec- 
trolysis? We have already met Michael 
Faraday, the poor boy who was so much 
impressed by one of the lectures given 
by Sir Humphry Davy that he ap- 
proached him after the lecture and 
asked permission to work in his lab- 
oratory. As Davy’s assistant, he learned 
how to liquefy gases, he formulated the 
laws of electrolysis, and finally dis- 
covered the principle upon which the 
operation of the generator is based. 

Faraday formulated three Laws oF 
ELECTROLYSIS. He found that a cur- 
rent that deposits half a pennyweight 
of silver in ten minutes will deposit 
one pennyweight of silver in twenty 
minutes. In general, we may say: 

Law 1. The amount of any metal that 
is deposited by an electric current is di- 
reclly proportional to the length of time 
the current flows. 

From experiment it was shown that 
a current of one ampere will deposit 
by electrolysis exactly 0.001118 g. of 
silver per second, and that a current of 
ten amperes will deposit exactly ten 
times as much per second. The law is 
so exact that the ampere formerly was 
legally defined in terms of the amount 
of silver deposited per second. Stated 
in general terms: 

Law 2. The amount of any metal de- 
posited during electrolysis is directly pro- 
portional to the strength of the current in 
amperes. 

Some elements are deposited by elec- 
trolysis much faster than others, For 
example, that current which will liber- 
ate 1 g. of hydrogen can in the same 
time liberate 8 g. of oxygen, or 35.5 
g. of chlorine. The same current that 
will deposit 107.88 g. of silver in a 
given time will deposit 31.8 g. of 
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copper, or only 9 g. of aluminum in 
the same time. We see that 1 g. of 
the element hydrogen is equivalent to 
8 g. of oxygen, to 9 g. of aluminum, 
or to 107.88 g. of silver. The law may 
be stated as follows: 

Law 3. The amount of an element de- 
posiled in a given time by a current of 
one ampere is direclly proportional to 
the electro-chemical equivalent of the ele- 
ment. (See Table 19, Appendix B.) 

587. What is the principle of the 
storage cell? In our study of the vol- 
taic cell, we found that two dissimilar 
materials immersed in a fluid that acts 
chemically upon one of them may be 
used to produce an eleciric grent. 
Such a primary cell transforms chemi- 
cal energy into electrical energy. It is 
also possible to start with two plates 
more or less similar and make them 
dissimilar by means of electrolysis. 
Thus we use the electric current lo store 
up chemical energy, or to transform 
electrical energy into chemical energy. 
Such a slorage cell, or secondary cell, 
may then be used just like a voltaic 
cell to produce an electric current. 
When the storage cell is being charged, 
it utilizes the electrical current. As it 
is being discharged, the stored chemical 
energy is utilized to produce an electric 
current. 

588. How does the lead storage 
cell work? Let us immerse two lea 
plates in a water solution of sulfuric 
acid. When these two plates are con- 
nected to the terminals of a direct cur 
rent generator or some cells in series, 
electric current decomposes the water 
indirectly in a manner just like that 
described in Section 582. The hydro- 
gen escapes at the cathode, but the 
oxygen does not escape when lea 
plales are used. (See Fig. 634.) a 
oxygen unites chemically with the lea 
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anode to form lead dioxide (PbOs). 
Thus the two plates are made dis- 
similar, since one of the lead plates 
has been changed at the surface into 
lead dioxide, a reddish-brown deposit 
which can be seen if we look at the 
anode carefully. The other plate is gray 
and somewhat spongy. 

Next let us connect to a voltmeter 
the cell which we have just charged. 
It may show as high a difference of 
potential between the two plates as 2.2 
volts. The lead dioxide plate becomes 
the positive plate. While the cell is 
discharging, the lead dioxide is being 
converted into lead sulfate, and water 
is being formed. When the surfaces of 
both plates become coated with lead 
sulfate so that both plates are similar, 
no more current can flow from the cell. 
Fortunately the process can be re- 
versed by charging the cell again. The 
equation which represents the chemical 
action follows: 

Charging > 
2PbSO, + 2H,O@PbO2 + Pb + 2H:50, 
+ Discharging 


HH 


Cells in series 


H 

Lead dioxide Hz bubbles 
forms on escape here 
this plate 


Fig, 634, The chemical action that occurs during 
the charging of a storage cell, 
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Courtesy of the Willard Storage Battery Con pany 
Fig. 635. Positive and negative plates of a lead 
storage cell, 

The specific gravity of concentrated 
sulfuric acid is a little more than 1.800, 
and that of water is 1.000. Suppose that 
we have a cell that is fully charged. 
The specific gravity of its electrolyte, 
which is a mixture of water and sul- 
furic acid, is 1.300, Since water is 
formed. while a cell is being discharged 
(see equation) the specific gravity may 
drop as low as 1.150. The specific grav- 
ity rises again when the cell is re- 
charged, since water is decomposed 
and sulfuric acid is formed. For this 
reason, a hydrometer may be used to 
determine whether a storage battery 
needs re-charging. 

589. How is the commercial lead 
storage cell constructed? Usually 
the commercial cell does not differ 
from the experimental cell discussed in 
Section 588. The chemical action is the 
same, but the plates are more efficient. 
The positive plate, Fig. 635, has a 
large number of grids packed with lead 
dioxide. This distributes the active 
Jead dioxide through the plate as well 
as at its surface. The negative plate 
has a large number of small cells or 
pockets filled with spongy lead to in- 
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Courtesy of the Willard Storage Battery Company 


Fig. 636. Cut-away view of a lead storage cell, 


crease the amount of surface of the 
plate. In certain cells, red oxide of lead 
(Pb;0,) is packed in the grids of the 
posilive plate, and lead monoxide, or 
litharge (PbO), is used in the cells of 
the negative plate. When such a cell 
is charged, the lead monoxide is re- 
duced to spongy lead, and the red lead 
is oxidized to lead dioxide. Separators 
of rubber or wood are kept between the 
plates so that they may be placed very 
close together without touching. By 
the use of large plates placed close to- 
gether, the internal resistance is re- 
duced to a very low figure. (See Fig. 
636.) 

x590. How is the Edison storage 
battery constructed? Thomas Alva 
Edison, inventor of the incandescent 
lamp, the phonograph, and a motion 
picture projector, also devised a light, 
strong, durable storage battery. In this 
cell, the positive plate consists of nickel- 
plated, perforated iron tubes filled with 
nickel flake and hydrated nickel oxide. 
(See Fig. 637.) The negative plate con- 
sists of nickel-plated, perforated iron 
cells or pockets filled with iron oxide. 
The electrolyte used in this cell is 
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RAEN j 
Courtesy of Thomas A. Edison, Ine. 
Fig. 637. Negative and positive plates of an 
Edison cell. 
potassium hydroxide. The clements in 
this cell are enclosed in a strong nickel- 
plated iron container. The chemical ac- 
tion is too complex to be explained here. 
591. The nickel-cadmium stor- 
age battery. A battery with plates 
made of nickel hydroxide and cad- 
mium, and using a strong alkali such 
as potassium hydroxide as the elec- 
trolyte, has been used in Europe for 
many years. Fig. 638 shows @ cut- 
away view of one of these batteries: 
Their manufacture has recently been 
started in this country. They havé 
many distinct advantages. Nickel-ca@- 
mium batteries seldom need to have 
water added, They are not injured by 
freezing, nor are they damaged by Vr 
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Courtesy of the Nie | Cadmium Battery Corporation 


Fig. 638. Cut-away view of the nickel-cadmium storage cell. 


bration. They seem to be adapted: to 
all purposes and have many different 
uses. They may be used as tiny units 
for hearing aids, in a larger size for 
automobile and bus batteries, and even 
as gigantic batteries for emergency 
power units on our largest ocean liners. 


592. What are the advantages 
and disadvantages of the storage 
cell? Perhaps the greatest advantage 
of the storage cell lies in the fact that it 
may be charged and discharged over 
and over again almost indefinitely. 
Since the resistance js so small, very 
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Courtesy of the General Motors Corporation 


Fig. 639. A charging unit for a set of storage cells for use in home lighting where electric service 


is not available, 


large currents may be obtained from 
storage cells. In the automobile, for 
example, three lead cells are generally 
used in series. The engine drives a 
small direct current generator. When 
the car is running, this generator pro- 
duces current to charge the storage 
battery. The horn, self-starter, lights, 
motor for the heater, radio, and ig- 
nition system all draw current from 
the battery. 

The lead storage battery is heavy. 
Under ideal conditions, its efficiency 
is not more than 75%. The lead cell 
must not be completely discharged. It 
is also injured by charging it too 
rapidly, or by drawing too large cur- 
rents from it and discharging it too 
fast. When fully charged, it should 
show a voltage of about 2.2, and 
the specific gravity of the electrolyte 
should be about 1.300. Distilled water 


must be added to the battery at fre- 
quent intervals to replace the water 
that is lost during the operation of 
the cell. If a storage battery is not 
to be used for a few months, it should 
be fully charged before it is laid aside. 
Batteries must not be charged too 
rapidly nor discharged too rapidly. 
The Edison storage cell is only about 
half as heavy as the lead cell of equal 
capacity. Its efficiency is somewhat 
less. While the lead cell may be rather 
easily injured, the Edison cell is me- 
chanically strong, and can hardly be 
injured by rapid charging or discharg- 
ing. When a lead cell is discharged so 
completely that a hydrometer reading 
is 1.200 or less, sulfation occurs and the 
cell may be permanently damaged. The 
maximum voltage of the Edison cell 1s 
about 1.25; hence 5 Edison cells in sê- 
ries will furnish about the same volt- 


EFFECTS OF THE ELECTRIC CURRENT 


age as three lead cells joined in series. 

593. What are some uses of stor- 
age cells? In rural districts where 
electric current is not supplied, farmers 
use storage cells for lighting their 
homes. The cells are charged by a small 
generator driven by a gasoline engine. 
(See Fig. 639.) Storage cells are also 
used for telephone work. In physics lab- 
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oratories they may be used to provide 
direct current for electrical experi- 
ments. Some light delivery trucks use 
storage batteriesfor theirmot ivepower. 
Electric clocks in your school building 
may be operated by storage cells. Radio 
sets which operate on storage cells are 
available for use in the country where 
there is no electricity. 


3. Heating and Lighting Effects 


594, Electric current causes heat. 
Let us mount two binding posts on a 
small wooden block and connect them 
with the terminals of one or two dry 
cells. Before we close the switch, let 
us join the two binding posts with two 
short wires connected in series. Both 
wires should have the same gauge num- 
ber, about No. 30. Let us use copper 
for one of the wires and German silver 
for the other one. When the circuit is 
closed through the switch, the German 
silver wire will become red hot, and it 
will probably melt. The copper wire 
will also be warmed, but it is not likely 
to melt, Since the same amount of cur- 
rent flows through both wires, we con- 
clude that the heating effect of an elec- 


tric current is grealer in the wire which 
has the grealer resistance, if other con- 
ditions are the same. Such a result 
might have been predicted, because we 
know that resistance or friction pro- 
duces heat energy. The wires leading 
to our electric lamps are not warmed 
very much, because they are made of 
copper and their diameter is rather 
large. Hence, their resistance is Very 
small. But the thin filament of tungsten 
inside the bulb gets very hot. Its resist- 
ance is more than 3 times that of a 
copper wire of the same diameter. The 


diameter of the filament is small enough 
so that the resistance usually varies 
from 20 ohms to several hundred ohms. 
(See Fig. 640.) 

Let us repeat the experiment, first 
joining the two binding posts with a 
few inches of No. 28 copper wire. If we 
pass the current from a single cell 
through the wire, it may glow feebly. 
If the current from two or three cells 
in series is passed through the wire, 
it will probably melt. We find that the 
heating effect increases with the number 
of amperes of current flowing in the cir- 
cuit. 

595. What are Joule’s laws? It 
was James Prescott Joule, an English 
physicist, who first studied the relation- 
ship between heat and work. He was 
also a pioneer in the mathematical 
study of the heating effect of the elec- 


Key A B D 


Copper German 
silver 


Cells in series 


iene Electron flow 


Fig. 640. Heating effect of the electric current, 
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tric current. He carried out a series of 
experiments and then formulated sey- 
eral laws that enable us to determine 
quantitatively the amount of heat de- 
veloped in a conductor when a current 
is flowing through it. The following 
statements are known as JOULE’S LAWS: 

Law 1. The amount of heal produced 
is directly proportional to the resistance 
of the conductor in ohms. 

Law 2. The amount of heat produced 
is direclly proportional to the square of 
the current in amperes. Two amperes 
flowing through a conductor produce 
four times the heat one ampere does. 

Law 3. The amount of heat produced 
is directly proportional to the time the 
current flows. 

These laws give the formula: 

joules = PRI. 
The energy produced as heat is given 
in joules. 7 is the current strength 
in amperes. R is the resistance in ohms. 
And £ is the time in seconds. Since 
1 joule equals 0.24 calories, the formula 
may be stated: 


calories = I?R x tX 0.24. 


Prosrem. The heating coil in a coffee 
percolator has a resistance of 22 ohms and 
uses 5 amperes of current. How long will it 
take to heat one liter of water from 20° C. 
to the boiling point, 100° C., in such a 
percolator? 


---- Insulating 
refractory 


Fig. 641. Electric heater, with its coils of 
nichrome wire. 
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Solution. To heat one liter of water 
(1000 g.) from 20° C. to 100° C. requires 
80,000 calories. Substituting the values in 
the formula, 

calories = PR X t X 0.24, 
we have 
80,000 = 5 X 5 X 22 X i X 0.24; 
whence { equals 606 seconds, just a trifle 
more than ten minutes. 

596. How do we use electricity for 
heating? We are all familiar with the 
electric iron, the electric toaster, 
the electric blanket, the electric waf- 
fle iron, the electric percolator, the 
electric grill, the electric range, and 
the electric heater. (See Fig. 641.) 
In some cases, the electric heating pad 
takes the place of the hot-water bottle 
in the sick room. A wire heated elec- 
trically is used to cauterize wounds or 
to burn away growths of surplus tissue. 
Trolley cars are usually heated by elec- 
tric heaters. In the majority of these 
electrical heating appliances, coils of 
high resistance wire, usually made of 
nichrome, are grouped so that a great 
deal of heat is concentrated in one 
place. (See Fig. 642.) At the prices 
charged for electrical energy in many 
localities, it costs more to heat or cook 
by electricity than it does by the use 
of gas or some other fuel. Power com- 
panies in some localities now furnish 
electricity at lower rates to consum- 


with 


Fig. 642. Cut-away view of an electric iron, 
heating coils exposed. 
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ers who use it for cooking, or who use 
it for water heating during hours when 
the demand for current is low. 

If two pieces of wire are placed end 
to end and a current is passed through 
them, the heat developed at the point 
of contact is sufficient to weld them 
into one piece. You have probably ob- 
served trolley companies using electric 
welding on their tracks. Current, for 
such purpose is drawn from the trolley 
wire. At one time, metal plates used 
for construction work were riveted to- 
gether. Now the edges of such metal 
plates are usually welded together by 
means of the electric current. (See Fig. 
643.) 

597. How may wires be over- 
loaded? We found from experiment 
that the current from a couple of dry 
cells joined in series is sufficient to melt 
ashort piece of No. 28 copper wire. If 
we send the same amount of current 
through a short piece of wire of the 
diameter used for wiring dwellings 
(No. 14), the wire will be heated, but 
it is not likely to melt. The larger wire 
has the greater carrying capacity. By 
the capacity of a wire we mean the 
number of amperes which it can carry 
safely, A bare wire has a greater carry- 
ing capacity than an insulated wire of 
the same diameter. A wire outside, 
where the air circulates freely, has a 
greater carrying capacity than the same 
wire inside the walls of a building. If 
we try to force more current through 
a wire than it can carry safely, we have 
an overload. Such a wire may melt, and 
it may set fire to any flammable ma- 
terial that is near it. 

There are two common ways in 
which a person may cause an overload 
in the wiring circuit in his home. 

1. By putting too many appliances on 
one circuit, Suppose that your electric 
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Courtesy of Westinghouse 


Fig. 643. Electric welding is gradually displacing 
the riveting machine, Metals are being welded 
together. 

wires can carry 17 amperes safely. You 
have two sandwich toasters and a 
coffee percolator plugged in, and each 
one takes about 5 amperes of current. 
It may be chilly in the room and some 
one turns on an electric heater, which 
uses at least 5 amperes more of current. 
You now have appliances enough to 
take 20 amperes of current from a line 
which can carry safely only 17 amperes. 
Such an overload may blow your fuses 
or melt the wires. 

2. By a short circuit. You have a floor 
lamp and the electric cord is old, worn, 
and perhaps kinked. Possibly the in- 
sulation is worn away at places. If 
someone steps on the cord, he may 
press the two wires together so that 
they touch and form a short circuit. 
To show why a short circuit causes an 
overload, let us suppose that we have 
a lamp which has a resistance of 500 
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Fig. 644. The greater part of the current flows 
through the low-resistance wire. 


ohms operating on a 110-volt circuit. 
The current which flows through the 
lamp is 0.22 ampere (Ohm’s law). If 
we scrape the insulation from the wires 
and join them by a heavy piece of low 
resistance wire, we have a short cir- 
cuit. (See Fig. 644.) To make the cal- 
culations simple, let us assume that 
the wire used has a resistance of exactly 
one ohm. The current would immedi- 
ately rise to 110 amperes. Let us com- 
pare the heating effects in the second 
case with those of the first. 


PR 110 x 110 X1 
PR’ % 0.22 x 0.22 X 500 


Hence, in this example the amount of 
heat produced when the wires are 
short-circuited is 500 times as much 
as before. Naturally the wires would 
melt. Such a short circuit might be 
produced by the wires being brought 
into accidental contact during a fire 
or a storm. 

598. How are fuses a protection? 
We know that an overload may cause 
a fire. Even if the wires did not. set fire 
to our house, they might melt at any 
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Fig. 645. Fuses and a knife switch are used for 
protection from overloads, 
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Fig. 646. Plug-type fuses. The fusible metal is 
surrounded by non-flammable material. 


place within the walls or ceiling. It 
would be troublesome to locate the 
break in the circuit and expensive to 
make repairs. To prevent such an oc- 
currence, fuse wires are used in all wir- 
ing circuits. In dwelling houses, the 
fuses are placed in metal boxes, usually 
installed in the basement. (See Fig. 
645.) The fuse plugs of Fig. 646 are in 
common use. The contact points are 
shown in the sectional view. The fusible 
wire is surrounded by insulating ma- 
terial. When an overload occurs, the 
fuse wire melts and breaks the circuit. 
It is a simple matter to replace the fuse 
after the cause of the overload has been 
removed. Sometimes a cartridge fuse 1s 
used in certain circuits. (See Fig. 647.) 
When an electrician wires a house, 
he plans for a certain number of lights 
and appliances for cach circuit. Then 
he installs a fuse which has lower carry- 
ing capacity than that of the wires 
themselves. Suppose that the wires 
have a carrying capacity of 17 amperes: 
Then a 10- or 15-ampere fuse installe 
in the circuit will melt more readily 
than the wire itself. A 25-ampere fuse 
plug is poor protection for such wires: 
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Fig. 647. A cartridge fuse, showing fusil 
metal. 
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Er- 
Courtesy of Thomas A. Edison, Inc. 
Fig. 648. Thomas Alva Edison (1847-1931) 
was one of our most prolific American inventors. 
He is best known for his invention of the 
incandescent lamp in 1879. He is also the 
inventor of the phonograph, a motion picture 
Projector, and the Edison storage cell, He 
contributed, too, to the development of many 
other appliances, Edison was a tireless worker, 
often toiling far into the night. 


599. Edison made the first incan- 
descent lamp. About seventy years 
ago, Thomas Edison conceived his idea 
of what came to be known as the “ light 
in a bottle.” (See Fig. 648.) Edison ex- 
hibited his incandescent lamp in 1879 
in his laboratory at Menlo Park, New 
Jersey. (See Fig. 649.) Edison tried 
almost every kind of fiber in his effort 
to find a filament for his lamp, even 
using a hair from the beard of one of 
his assistants in one experiment. The 
filament had to have a high electrical 
resistance; it could not be too brittle; 
tts melting point had to be very high; 
it had to be enclosed in a vacuum bulb 
80 that it would not burn or unite with 
the oxygen from the air. After a search 
of a couple of years, he finally was 
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Fig. 649. This shaft at Menlo Park was built 
as a memorial to Thomas A. Edison for his 
invention of the incandescent lamp. 


successful in the use of a filament of 
carbon made by heating bamboo fiber. 
(See Fig. 650.) 

But the finding of a filament which 
was satisfactory did not solve the en- 
tire problem. The ends of the filament 
had to be connected to two short pieces 
of wire that could be sealed in glass. 


eft -~-- Brass disc 


Fig. 650. A diagram of the old carbon lamp 
invented by Edison. 


416 


BASE 


EXHAUST TUBE 
STEM 

STEM PRESS 
ARBOR 

LEAD WIRES 
BUTTON 
SUPPORTS 
FILAMENT 
BULB 


Courtesy of Westinghouse 


Fig. 651 Diagram of a tungsten lamp; 


If the metal expanded more than the 
glass upon heating, it would contract 
more-upon cooling and the seal would 
not be perfect. Platinum was found to 
have the same coefficient of expansion 
as glass. Hence, two pieces of platinum 
wire were used in the early carbon 
lamps. The other ends of the platinum 
wires were connected by copper wires, 
one to a brass disc, and the other 
to a threaded cylinder. Both the disc 
and cylinder make connections with 
the terminals of the lighting circuit 
when the bulb is screwed into the 
socket. These incandescent lamps were 
first used for lighting at Roselle Park, 
New Jersey, and soon began to be used 
extensively. 
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600. Tungsten lamps are better 
lamps. Men of science are never 
satisfied. Extensive search for a better 
filament than one made of carbon was 
made. The carbon filament. was metal- 
ized. Tantalum was tried with some 
success. But the most satisfactory 
metal used thus far for the filament is 
tungsten. Engineers learned how to 
draw tungsten wire, a difficult feat. 
Tungsten has the following desirable 
properties: (a) It has an exceedingly 
high melting point; (b) it has a high 
resistance; (c) it is not too brittle; 
(d) it evaporates slowly, even at a high 
temperature. The filament in the mod- 
ern tungsten lamp is a coiled coil whose 
ends are fastened to the ends of sup- 
ports connected with “lead-in” wires. 
(See Fig. 651.) In the present lamp, the 
bulb is frosted on the inside to prevent 
the glare from the hot filament. An 
alloy known as Dumet, consisting 
largely of nickel and iron,‘ has been 
made to take the place of the expensive 
metal platinum for use as “lead-in” 
wires. (See Fig. 310.) 

The tungsten lamp has made the 
carbon lamp practically obsolete. It 
gives a whiter light than the yellowish 
light of the carbon lamp and its effi- 
ciency is from 2.5 to more than 3 times 
as great. We now pay about the same 
price for operating a 75-C.P. lamp that 
our parents used to pay for operating 
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Fig. 652. The development of the incandescent lamp. 
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Fig. 653. Steps in the final assembly of an electric lamp. 


a 16-C.P. lamp. Some engineers esti- 
mate that the introduction of the tung- 
sten lamp has meant a saving of at least 
$1,000,000,000 annually to the people 
of the United States. (See Fig. 652.) 

The gas-filled tungsten lamp has 
largely taken the place of the vacuum 
tungsten lamp. The bulb is first evacu- 
ated and then filled with a mixture of 
nitrogen and argon. The filament is 
wound in a close spiral to prevent the 
loss of heat by radiation. In some cases, 
a coiled coil is used as the filament. 
The efficiency is increased by the use 
of the nitrogen-argon mixture because 
the filament can be heated to a higher 
temperature. The gas molecules get in 
the way and tend to prevent the evapo- 
ration of the hot filament and the con- 
sequent darkening of the bulb. Argon 
is an inert element and does not react 
chemically even at the high tempera- 
ture of the filament. 

The large-sized gas-filled lamps may 
heed only 0.6 watt per candle power of 
light. The smaller ones take about 1 
Watt per candle power. Incandescent 
lamps are usually grouped in parallel. 


The voltage between the terminals is 
constant. (See Fig. 654.) Each lamp is 
thus independent of all the others. If 
each lamp takes one ampere of current, 
then each lamp that is turned on in- 
creases the amount of current flowing 
in the main circuit by one ampere. 
601. How does the arc lamp work? 
When two carbon rods, which are con- 
nected to the terminals of an electric 
generator, are brought together mo- 
mentarily, the heat produced at the 
point of contact is great enough to 
vaporize some of the carbon and pro- 
duce an intensely bright light. If the 
carbon rods are separated about a 
quarter of an inch, the circuit is not 
broken because the carbon vapor con- 
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Fig. 654. Incandescent lamps are wired in 
parallel. 
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Fig. 655. A carbon arc lamp. 


tinues to conduct the current from one 
rod to the other. (See Fig. 655.) The 
light comes from the incandescent pos- 
itive carbon electrode and not from the 
vapor. A clutch mechanism is used to 
gradually lower the upper carbon rod 
and regulate the distance between the 
two carbon rods. The clutch mechanism 
is controlled by means of an electro- 
magnet. 

Arc lights are usually operated on a 
line where the difference of potential 
between the carbon rods is about 50 
volts. They use from 10 to 25 amperes 
of current. Because the arc lamp is 
efficient, it was at one time extensively 
used for street lighting. Such use is 
now nearly obsolete, but the arc lamp 
finds use in commercial motion-picture 
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projectors, and in spotlights and search. 
lights. 

602. How are vapor lamps con- 
structed? One type of mercury vapor 
lamp is extensively used in drafting 
rooms and by photographers. The elec- 
trodes are sealed in the ends of a glass 
tube which may be 3 or 4 ft. in length. 
The lamp is suspended so that the tube 
is slightly inclined, and the lower end 
contains metallic mercury. (See Fig. 
656.) If the tube is tipped so that a 
thin column of mercury makes contact 
momentarily between the electrodes, 
an arc is established. The heat causes 
the mercury to vaporize, and the whole 
tube becomes filled with the luminous 
mercury vapor. This lamp is eflicient, 
but it is deficient in red rays. Neon 
tubes are sometimes used with mercury 
vapor lamps to supply the orange and 
red rays. 

The mercury vapor lamp is rich in 
ultra-violet rays. Such rays do not pass 
through glass readily, but they do pass 
through quartz. Mercury vapor lamps 
made out of quartz are useful for steri- 
lizers, since ultra-violet rays destroy 
bacteria. (See Fig. 657.) Some of the 
sun lamps used by physicians are of 
this type. The lamp of Fig. 658 3s 
made of a special glass which transmits 
ultra-violet light. The tungsten coil 
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Fig. 656. The mercury vapor lamp is rich in ultra-violet rays. 
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Fig. 657. The atmosphere in this cow barn is 
kept free from air-borne bacteria by ultra-violet 
rays from the lamps installed on the ceiling. 


heats and vaporizes the mercury. The 
mercury vapor then forms an arc be- 
tween the tungsten electrodes. 
Smaller-sized mercury vapor lamps 
have been developed and used to some 
extent for road illumination. Another 


Fig. 659, A highway near Schenectady, N.Y., 
Sood night vision possible. 
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Fig. 658. A lamp designed to produce ultra- 
violet rays. 

type of vapor lamp uses the vapor from 
sodium, a light metal. It is coming into 
use rather rapidly for road illumination. 
A road lighted with sodium vapor lamps 
as shown in Fig. 659 makes the use of 
bright headlights unnecessary. 

603. Neon lamps are economical. 
The use of neon lamps has been men- 
tioned. Everywhere we see them being 
used for advertising purposes. The 
gaseous neon is found in the atmos- 
phere in exceedingly small quantities. 
It is one of the by-products obtained 
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lighted by sodium vapor lights. Such lamps make 
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Fig. 660. The carbon core offers resistance in this Fumace used for making graphite. Furnaces of this 


type are also used for making silicon carbide. 


from liquid air. The glass tube, which 
may be of any shape or design, is 
evacuated. Then neon is admitted until 
the pressure of its vapor amounts to 
about 10 mm. of mercury. The current 
is supplied to electrodes sealed in the 
ends of the tube. 

The cost of operating neon tubes is 
ridiculously small, because the current 
consumption amounts to only a few 
thousandths of an ampere. In fact, the 
cost is so small that some advertisers 
hardly trouble to turn off the current 
even in the daytime. The effect is 
particularly striking because the entire 
tube is filled with the luminous gas. 
Different colors may be obtained by 
the use of small quantities of other 
gases, or by the use of various kinds 
of colored glass. 

604. Electric furnaces give high 
temperatures. Two types of electric 
furnace are in use. 

1. Resistance furnaces. In furnaces of 
this type, an electric current is passed 
through a coil of wire made of platinum, 
nichrome, tungsten, or molybdenum 
which is wound upon some refractory 
material. The substance to be heated 
is placed inside the coil. Possibly your 
dentist uses such a furnace in the mak- 
ing of artificial teeth. In such a resist- 
ance furnace a temperature of from 
1000° C. to nearly 2000° C. can be ob- 
tained. 

In another type of resistance fur- 


nace, the heat is produced by the re- 
sistance which the material in the 
furnace itself offers to the passage of 
the current between the electrodes, 
which are placed at the opposite ends 
of the furnace. Furnaces which are 
used for making silicon, silicon carbide, 
and artificial graphite are of this type. 
(See Fig. 660.) 

2. Arc type furnaces. Exceedingly 
high temperatures are obtained in`the 
arc type furnaces. The temperature is 
estimated at about 3500° C. The elec- 
tric arc is formed between two carbon 
rods in a refractory crucible in which 
the contents to be heated are placed. 
(See Fig. 661.) At one time, heat from 
an arc type of furnace was used to 
make nitrogen compounds from the 
free nitrogen present in the air. An 
electric furnace used for making steel 
is a kind of combination are and re- 
sistance type. 
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Fig. 661. The arc type of electric fumace- Le 
temperature produced by this furnace may re? 
3500° C. 
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Summary 


An electric current produces a magnetic effect. If we grasp the con- 
ductor so that the extended right thumb points in the direction of the 
current flow, the fingers encircle the wire in the direction of the lines of 
force. 

An electro-magnet consists of a soft iron core wound with a number 
of turns of insulated wire. The strength of the electro-magnet depends 
upon the number of ampere-turns. 

Electrolysis is the decomposition of a compound by means of an 
electric current. The current enters an electrolytic cell by the anode 
and leaves by the cathode. Hydrogen and most metals are electro- 
positive; they are attracted to the cathode. The non-metals, which are 
electro-negative, are attracted to the anode. 

The ordinary storage cell consists of two lead plates immersed in a 
solution of sulfuric acid. They become dissimilar when an electric current 
is passed through the cell; two dissimilar plates immersed in an electrolyte 
produce a difference of potential. No electricity is stored in a storage cell. 

An electric current produces a heating effect. The amount of heat pro- 
duced is proportional to the time, the resistance, and the square of the 
current strength. Electric lighting is merely a modified application of 
the heating effect of the electric current. 


How many of the following terms can you define or explain? 


Oersted’s discovery Heating by electricity Morse code 
Right-hand rule Overload Electrolysis of water 
Electro-magnet Fuse wires Electrotyping 
Operation of electric bell Tungsten lamp Michael Faraday 
Key Vapor lamps Storage cell 
Teletype Direction of current flow Joule’s laws 
Morse Polarity of solenoid Short circuit 
Electrolytic cell Ampere turns Incandescent lamp 
Electroplating Telegraph Neon lamps 
Charles M. Hall Sounder Electric furnace 
Sir Humphry Davy Relay ~ Edison cell 
QUESTIONS 


1. Howwould you use a piece of wire and 
a compass to determine whether a dry cell 
was delivering any current or not? h; 

2. Why are the two coils of an electric 
bell always wrapped with wire in opposite 
directions? 

3. How is the intermittent flow of cur- 
rent through an electric bell controlled? 

4. What metal is generally used as the 
core of an electro-magnet? Why is it used? 
_ 5. What is the difference between ster- 
ling silver and silver plate? 


What does a storage battery “store?” 
Á Why does the specific gravity of the 
electrolyte in the storage battery change 
as the cell is charged or discharged? 
3) How should you an a the storage 
ery in your automobile 
pi What size fuse should generally be 
used to protect home wiring? Why not use 
a 25 or 30-ampere fuse? . 
10, Some houses are not equipped with 
fuses. What is used to protect the wiring? 
What are the advantages of this device? 


11, What are the advantages of sodium 
vapor lamps for highway lighting? 

12. Mercury vapor lamps are used ex- 
tensively for sterilization purposes. Why 
are they effective? 

13. Why is electricity a good source of 
heat for processes in which the temperature 
must be closely controlled? 

14. How is the heating effect of a circuit 
changed by keeping the voltage constant 
and cutting the resistance in half? 

15. How can the polarity of an electro- 

et be determined? 
ic; How does the Edison cell differ from 
thé lead storage battery? What are the ad- 
vantages and disadvantages of each? 

17. How did the “fuse” get its name? 

18. How are Faraday’s laws applied in 
the definition of the ampere? 
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19. Modern tungsten lamps are filled 
with an inert gas such as argon or nitrogen, 
Will the glass bulb of such a lamp be heated 
more quickly than a lamp which has been 
completely evacuated? Explain. How does 
filling the lamp with gas decrease the evap- 
oration of the filament? 

20. Which type of electrical appliance 
used in the home consumes the most elec- 
tricity when it is operated? 

21. What are the advantages of cooking 
with electricity? What are the disadvan- 
tages of this method? 

22. Both plates of a storage cell contain 
lead. How does this fit the definition of a 
voltaic cell, that the plates must be of dis- 


similar materials? 
What are the advantages of the new 
nickel-cadmium storage battery? 


PROBLEMS 
See Table of Electrochemical Equivalents, Table 19, Appendix B. 


Group A 


Q How much silver will be deposited by 
a nt of 1 ampere in 10 minutes? 

Gj sheet of pure copper weighing 
10 kg. is to be prepared by electrolysis. 
Jf the current strength is 100 amperes, how 
many hours will be required to deposit this 
metal? 

3. How many grams of hydrogen will be 
liberated from water by the passage of a 
0.05 ampere current for 1 hour? 

4) An electric lamp has a resistance of 


“athe heat from an electric lamp is 

sometimes used to heat an aquarium. How 
long will it take for the heat produced by 
an electric lamp to raise the temperature of 
10,000 g. of water from 20° C, to 25° C.) 
The lamp has a resistance of 440 ohms, and 
operates on a 110-volt circuit, 

X u An electric iron weighs 2 kg. The 
heating element consists of a coil of No. 24 
nichrome wire 6 ft. long. The iron is op- 
erated on 110 volts. How long will it take 
for the iron to be heated from 20° C. to 
150° C., assuming no heat is lost? 


55 ohms. If the current is 2 amperes, how 
any calories of heat will be liberated in 
(9 minutes? 
~ 5. An electric heater uses 10 amperes 
when operated on a 110-volt circuit. How 
many calories of heat are liberated by this 
heater in 30 minutes? (ne 
(6) The resistance of an electric iron 8 
22 ohms, It uses a current of 5 amperes. 
How many calories of heat will be devel 
oped if the iron is operated for 20 minutes? 


Group B 


x G} A coffee percolator has a heating coll 
of-20 ohms resistance. How many calories 

of heat does it liberate per second when 
connected to a 110-volt circuit? If it com 
tains 500 g. of water at 20° C., how long 
will it take to heat this water to 100 C, 
assuming no heat is lost? f 

10 What current will liberate 10 g- 0 
aluminum in 45 minutes? 

11) A storage battery is rated at 180 
moe cialany Theoretically, how long W! 
this energy operate a lamp having a T 
sistance of 24 ohms at 6 volts? 


Unit Ten 
Chapter 25 


1. Instruments Used for Measurement 


605. Introduction. We have had 
some important electrical units de- 
fined, and electrical measuring instru- 
ments have been mentioned several 
times. To find difference of potential 
in volts, one uses a voltmeter. We use an 
ammeter to measure the strength of the 
current in amperes. A resistance box or 
aset of resistance coils may be used to 
measure electrical resistance in ohms. 
To measure consumption of electrical 
energy, a wall-hour meler is used. 

606. What is a galvanoscope? We 
have learned that a current flowing 
through a wire sets up a magnetic field 
around the wire. Let us wind the wire 
into a loop and place a compass needle 
in the center of the loop. When a cur- 
rent flows through the loop, the needle 
is deflected. (See Fig. 662.) Just as one 

Battery 
Needle deflected 


a 

ZS 

Fig. 662. A current flowing through a loop of 
Wire affects the magnetic needle. 


_<— Electron flow 


Vocabulary 


Ktowarr-our, 1000 yolt-amperes for one 
hour. The unit used for measuring electrical 
energy. 

GALVANomErEr, an instrument for detecting 
the presence of an electrical current and for 
Measuring its strength. 

STAT, resistance coils used for intro- 


Measuring Instruments 


might suspect, increasing the number 
of turns in the loop increases the de- 
flection. By the use of a large number 
of turns, even a feeble current will 
cause a marked deflection of the needle. 
A device similar to the one shown in 
Fig. 663 may be used to show how in- 
creasing the number of turns in the coil 
increases the deflection of the needle. 
It is called a galvanoscope. It may be 
used to delect the presence of an electric 
current or to determine ils direction. 
607. What is the purpose of the 
galvanometer? Sometimes it is neces- 
sary to do more than to detect the 


Fig. 663. A simple galvanoscope. 


ducing resistance into a circuit or for meas- 
uring resistance. 
SHunr, either branch of a divided circuit. 
Ganvanoscore, an instrument for detecting 
the presence of an electric current. 
Rerractory, not easily melted. 
Warr-Hour, one yolt-ampere for one hour. 
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presence of a current or to determine 
its direction. Often we need to measure 
its strength or to find the voltage. It is 
possible to have a galvanomeler of the 
movable needle type which can be so cal- 
ibrated that it can be used as a meas- 
uring instrument. 

The movable-coil galuanometer is much 
more common. A coil of wire is pivoted 
between the poles of a permanent 
horseshoe magnet. It is really a helix 
which becomes magnetized when cur- 
rent flows through it. Hence we have 
two magnets: (a) A permanent horse- 
shoe magnet which is firmly mounted 
on the base of the instrument; (b) an 
electro-magnetic helix, which is free to 
turn upon its axis. When current flows 
through the helix, its faces acquire po- 
larity, and they are attracted and re- 
pelled by the poles of the permanent 
magnet. A small light pointer, attached 
to the coil, moves along a graduated 
scale whenever the coil turns on its 
axis. Increasing the strength of the cur- 
rent flowing through the coil or helix 
increases the strength of its magnetism, 
and consequently the amount of its de- 
flection. A small coiled spring holds 
the coil at such a position that the 
pointer shows a zero reading when no 
current is flowing through it. (See Fig. 
664.) Some galvanometers have a small 
mirror attached to the coil. A beam of 
light reflected from this mirror to a 
scale several feet in length enables one 
to detect the slightest movement of the 
galvanometer coil. The beam of light 
thus becomes a pointer several feet in 
length that serves to magnify the 
amount of deflection. 

608. How does the voltmeter 
work? Many voltmeters are really gal- 
vanometers of the movable-coil type. 
They are so graduated that they read 
potential difference directly in volts. 
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The movable coil consists of fine in. 
sulated wire wound on a light frame 
called a former. The coil is pivoted on 
jeweled bearings to reduce friction toa 
minimum and mounted between the 
poles of a permanent magnet of high 
retentivity. The current enters through 
two springs which hold the coil in such 
a position that the pointer stands at the 
zero mark of the graduated scale when 
no current is flowing. 

Since a voltmeter really measures 
the difference of polential between two 
points in an electrical circuit, a coil of 
high resistance must be connected in 
series with the movable coil. Then just 
enough current will flow through the 
coil to magnetize it slightly and cause 
a deflection of the needle, but there 
will not be enough current flowing to 
lower the difference of potential while 
readings are being taken. Two or more 
resistance coils may be used in the 
same instrument to enable the user to 
measure different voltage ranges by the 
use of different binding posts which 
make connections with the source of 
current. All vollmelers are high-resisl_ 


Fig. 664. A galvanometer of the movable 


coil type, 
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Moving coil 


Magnetic core 


Lower control spring -~G 


Courtesy of the General Electric Company 


Fig. 665, Magnet and moving coil of galvanometer, ammeter, or voltmeter. 


ance instruments. They are connected 
in parallel across a circuit to any two 
points between which one wishes to 
find the difference of potential. (See 
Fig. 665.) 

609. How is the ammeter used? 
In construction, the ammeter does not 
really differ from the voltmeter. It is a 
low-resistance instrument. Since it is 
used to measure the amount of current 
flowing in a circuit, it must be con- 
nected in series in that circuit. If it 
offered more than a minute amount of 
resistance, it would reduce the amount 
of current flowing in the circuit be- 
cause of its own resistance. The coil 
may: be wound with a few turns of 
coarse, low-resistance wire. More often, 
the winding is the same as that used 
for the voltmeter, but instead of having 
a coil of high resistance in series with 
it, a low-resistance shunt is connected 
across its terminals. In that way, the 
resistance of the ammeter becomes neg- 
ligible, since nearly all the current flows 
through the shunt. 

The diagram, Fig. 666, shows how 


the same instrument may be used either 
as a voltmeter or an ammeter. In either 
case, the plus terminal of the circuit is 
always connected to the binding post 
marked “volts” or “amperes.” To use 
it as an ammeter, we connect the neg- 
ative terminal to the binding post 
marked “15 amps.” Then any amper- 
age from 0 to 15 can be read with the 


Resistor 


Press for 
voltage 


3 VOLTS 15 VOLTS 150 VOLTS 


Fig. 666. Wiring scheme of a variable-range 
voltmeter and ammeter. 
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instrument. When the negative termi- 
nal is connected to the post marked 
“3 amps,” as shown in the diagram, 
then the range is from 0 to 3 amperes. 
This makes a more sensitive instru- 
ment, because the needle swings five 
times as far with one ampere of cur- 
rent as it would with the first connec- 
tion. It may be made 10 times as 
sensitive by connecting the negative 
terminal to the binding post marked 
“1.5 amps.” 

When the negative terminal is con- 
nected to the binding post marked 
“150 volts,” the instrument may be 
used for any voltage from 0 to 150. 
The sensitivity may be increased by 
making the connection with the post 
marked “15 volts,” when the range 
will be from 0 to 15 volts. The sensi- 
tivity is increased still more by joining 
the negative terminal to the binding 
post marked “3 volts,” when the in- 
strument has a range of from 0 to 3 
volts. 

610. How are resistance coils 
used? Resistance boxes are sometimes 
used to measure resistance. In some 
cases they are used to reduce the volt- 
age in a circuit or to decrease the am- 
perage. They consist of coils of high- 
resistance wire, and they are usually 
made from some alloy which does not 
change its resistance a great deal when 
the temperature changes. The con- 
struction is such that it is possible to 
connect one or more of the coils in 


= w Brass strip 
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Fig. 667. Resistance coil, showing winding. 
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Courtesy of the Chicago Apparatus Company 


Fig. 668. Resistance coils for measuring re- 
sistances. 


series and thus vary the total resistance 
as desired. In Fig. 667, for example, the 
current will flow through the brass 
strips, BB’, when the brass plug, P, is 
inserted, instead of flowing through 
the coil C. The current flows through 
the coil C’ and it can be made to flow 
through coil C by removing the plug. 
Each coil has a different resistance, and 
a wide variation is possible by remov- 
ing different plugs or different com- 
binations of plugs. (See Fig. 668.) 

611. What is a rheostat? This 
name is given to any device that is used 
to vary the flow of current by means of 
variable resistances. A common form 
consists of a coil of wire wound on somè 
refractory material. One end of the coil 
is attached to one terminal of the cir- 
cuit, and the other terminal is con- 
nected to a sliding contact. As the 
contact is moved across the coils, a 
many coils may be thrown into the 
circuit as are desired. If we watch the 
motorman starting a trolley car, we Bee 
that he gradually cuts out one resist- 
ance coil after another as the car comes 
up to speed. Resistance coils are some- 
times called rheostats, although the 
latter name is more often reserved for 
appliances used to reduce the current 
strength. 
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2. Series and Parallel Wiring 


612, How great is the fall of po- 
tential along a conductor? If we 
have two water tanks, C and D, con- 
nected with one another as shown in 
Fig. 669, the difference of pressure be- 
tween the two tanks is represented by 
a water head of 45 feet. At the point A 
in the connecting pipe the pressure has 
fallen until it is represented by a water 
head of 30 ft. The difference of pressure 
between the point B and the surface of 
the water in the tank D is represented 
by a water head of 15 ft. There is a con- 
tinuous fall of pressure along the con- 
necting pipe. This fall of pressure is 
directly proportional to the length of 
the pipe. 

In an analogous manner, there is a 
fall of potential along a conductor 
when an electric current is flowing 
through it. Suppose that we have a 
voltaic cell whose terminals A and D 
are joined by a uniform wire 12 ft. 
long, as represented in Fig 670. Let 
us use a voltmeter to test the dif- 
ferences in pressure between various 
points in the wire. The wires used for 
connecting electrical instruments are 
large enough so that their resistance is 
negligible. If we connect the voltmeter 
directly across the two terminals of the 
cell, we find that the difference of po- 


Pressure falls as water 
head decreases 


Fig. 669, The fall in pressure is directly pro- 
Portional to the length of the pipe. 


tential between the positive and nega- 
tive plates is 2 volts. That is the efec- 
tive potential of the cell. If the positive 
plate has a potential 2 volts higher than 
the negative, then we must conclude 
that there is a drop of potential of 2 
volts along the 12 ft. of wire. 

With one terminal of the voltmeter 
still connected to plate A, let us touch 
the other terminal of the wire at point 
B, which is 6 ft. from A. We find that 
the difference in potential is just one 
volt. If we connect the plus terminal 
of the voltmeter to the wire at B and 
the negative terminal at C, just 3 ft. 
distant, the voltmeter shows a reading 
of 0.5 volt. Hence we conclude that the 
fall of potential along a wire of uniform 
resistance is directly proportional to the 
length of the wire. 

If the external resistance is not uni- 
form, the fall of potential occurs, but it 
is not uniform, either, Suppose that a 
generator maintains a constant P.D. of 


1 
Fall of potential 
is proportional 
to length of 
the conductor 
ABCD 


B 


Fig. 670. Fall of potential in a wire of uniform 
resistance. 


2-ohms c 


volts volts 
Fall of potential is proportional 


to the resistance 


To generator 


Fig. 671. Fall of potential when resistance is 
variable, 


50 volts between A and C, Fig. 671. AB 
has a resistance of 8 ohms, and the 
resistance of BC is 2 ohms. The total 
resistance is 10 ohms; therefore a cur- 
rent of 5 amperes flows through the 
circuit. In order that 5 amperes may 
flow through AB, 8 ohms resistance, 
the P.D. between these points must be 
40 volts. The P.D. between B and C 
must be 10 volts to send 5 amperes of 
current through 2 ohms resistance. 
From a consideration of these cases, 
it is evident that the fall of potential is 
directly proportional to the resistance. 

There is a drop of potential of 40 
volts through the 8-ohm resistance and 
a drop of potential of 10 volts through 
the 2-ohm resistance. 40:8 = 10 :2. 
The student must remember that the 
current flowing in all parts of a series 
circuit is uniform. In the example just 


Smaller pipe 
„Offers more 
resistance 


Fig. 672. The same amount of water flows 
through the large pipe as through the small one, 
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given, both the 8-ohm and the 2-ohm 
wires carry the same amount of cur- 
rent, 5 amperes. The water analogy 
helps to make this statement clear, 
(See Fig. 672.) It seems obvious that 
no more water can flow through the 
large pipes B and C than through the 
small pipe A. By analogy, we are led to 
conclude that no more current can flow 
through the small resistance of 2 ohms 
from B to C than that supplied to B 
from the 8-ohm wire AB. 

613. What are the results of series 
wiring? In a series circuit all the cur- 
rent flows through each appliance in 
turn. Suppose that we have eight lamps, 
L, all connected in series with a 112- 
volt generator as shown in Fig. 673. If 
each lamp has the same resistance, 100 
ohms, then the total resistance of the 
external circuit is 800 ohms, the sum of 
all the separate resistances. The amount 
of current flowing through the circuit 
is equal to 112 + 800, or 0.14 ampere. 
Each lamp receives the same amount of 
current. A voltmeter connected across 
the terminals of each lamp would show 
a fall of potential of 14 volts, since it 
has been found that the fall of poten- 
tial is proportional to the resistance. 

Series wiring has certain disadvan- 
tages. If one of the lamps shown in the 
diagram burns out, the others all go 


Total resistance 
is 800 ohms 


100 
ohms 


112 volts 


0.14 amperes 


Fig. 673. The potential drops from 112 volts 
to zero. 
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out, because the circuit is broken. 
Sometimes we would like to have more 
current flow through one appliance 
than through another, but this is im- 
possible when they are wired in series. 
Each appliance adds its resistance to 
the resistance of every other appliance 
in the same series circuit. 

In conclusion: 1, The total resistance 
in a series circuit is equal to the sum 
of all the separate resistances. 

2. The current in all parts of a series 
circuit is the same. 

3. The fall of potential in a series 
circuit is proportional to the resistance. 

614. What are the results of par- 
allel wiring? Given two equally good 
parallel roads between New York and 
Philadelphia. Normally, each road will 
carry half the traffic. The congestion, or 
resistance, will be less than occurs when 
all the traffic moves over one road. 
What happens when we have two 
parallel wires through which the elec- 
tric current can flow? (See Fig. 674.) 
The current from the positive plate 
divides at A. A part of it flows through 
the branch C to B, and the rest flows 
through the branch D. Let us suppose 
that each branch of the divided circuit 
has a resistance of 10 ohms. Then each 
branch will carry just half of the cur- 
rent. The total resistance of both branches 
is exactly half that of each branch. 

The fact that the total resistance of 
a shunt or divided circuit is less than 


Eectron flow —> 


Joint resistance 
is 5 ohms 


D 10 ohms 
Fig. 674, Parallel circuit, or shunt circuit. 


that of any branch usually astonishes 
the student. It is easy to understand, 
if he stops to consider, that two paral- 
lel water pipes can carry more water 
than a single pipe, or that traflic con- 
gestion is less over parallel streets than 
when all streets but a single one are 
closed to traffic. If we wish to empty a 
large building filled with people, there 
is less resistance when some use dif- 
ferent doors than there is when the 
entire crowd uses a single exit only. 
615. How can we find the total 
resistance of parallel conductors? 
If each of two or more parallel con- 
ductors has the same resistance, then 
their total resistance is 1/nth that of a 
single conductor. For example, four 
wires of 4 ohms resistance each are 
joined in parallel. Their total resistance 
is 4 that of a single wire, or 1 ohm. 
Suppose, however, that we have two 
wires joined in shunt in a circuit, as in 
Fig. 675. The resistance, r, of one 
branch is 2 ohms, and the resistance, 
7’, of the other branch is 3 ohms. The 
conductance of a wire is defined as the 
reciprocal of its resistance. We wish to 
find the joint resistance, R, of both 
branches. J 


The total conductance C = p; 
the conductance c of branch r = A 


the conductance c’ of branch r’ = = 
It follows that C = c + o’. 


r=2 ohms 


— Electron flow et 


Fig. 675. A shunt circuit. 
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Whence the formula, 
T ate! 

Raptr 


Substituting the known values, we 
have 
alr aye 1) aa 


RAR 


Whence, R = 1.2 ohms. 


Prostem. Three wires are joined in par- 
allel. One has a resistance of 2 ohms; an- 
other a resistance of 3 ohms; and the third 
a resistance of 6 ohms. Find their joint re- 
sistance. 

Solution. Substituting in the formula, 


i bavi i 1 1 
Rrr 
if Lath ahd, i 
we have RS + 3 + 6 Clearing of frac- 
tions 6 = 3R + 2R + R. 


Whence, 6R = 6, and R equals 1 ohm, 
the joint resistance. 


616. What proportion of the cur- 
rent does each shunt carry? If there 
are two exits of equal width from a 
building, we would expect the same 
number of persons to pass out through 
each exit. Similarly, if the two conduc- 
tors of a divided circuit have the same 
resistance, each one will carry half the 
current. 


Thr 
r min. 
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Current is the sum of that 
in all the branches 


Fig. 676. The current in the main pipe equals 
the sum of the currents in all the branches, 


CURRENT ELECTRICITY 


Given three parallel water pipes lead. 
ing from a water tank, and all dis. 
charging into the same water main, as 
represented in Fig. 676. The total num- 
ber of gallons per minute flowing 
through the main equals the number 
of gallons per minute discharged by 
all the pipes together. 

If we have two or more conductors, 
all having the same resistance, then 
the amount of current flowing through 
each branch equals L/nth of the total 
current, Fig. 677 represents 5 lamps of 
220 ohms each, all wired in parallel. 
They operate on a 110-volt circuit. 
Their total resistance is 1/nth, or $, 
of 220 ohms, or 44 ohms. Therefore, 
the amount of current that will flow 
in the main circuit is 2.5 amperes. (By 
Ohm’s law, 110 + 44 = 2.5.) Each 
lamp carries of the current, or 0.5 
ampere. 

Just as more people can pass out 
through a wide door, so more current 
in a divided circuit flows through the 
branch of less resistance. If one of the 
two parallel roads between two cities 
is 40 ft. wide and the other is only 
20 ft. wide, we would expect the broad 
road (less resistance) to carry 4 of the 
traffic. Suppose that in Fig. 675 the 
current in the main circuit is 5 amperes; 
then 2 of the current will flow through 
the branch r of 2 ohms resistance, and 
only 2 of the current will flow through 
the branch r’ whose resistance is 3 ohms. 


Fig. 677. Lamps wired in parallel. 
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Prostem. The two branches of a shunt 
circuit have resistances of 1 and 9 ohms re- 
spectively. If 30 amperes of current flow 
through the main circuit, what current will 
flow through each branch? 

Solution. By analysis, the branch that 
has a resistance of 1 ohm will carry nine- 
tenths of the current, or 27 amperes; the 
9-ohm branch will carry one-tenth of the 
current, or 3 amperes. 

Prosiem. Three appliances are con- 
nected in parallel on a 110-volt circuit. 
Their resistances are 22, 44, and 55 ohms, 
respectively. Find the amount of current 
flowing through each appliance. (See Fig. 
678.) Find the current in the main circuit. 
What is the joint resistance? 

Solution. The difference of potential 
across the terminals of each appliance is 
110 volts. Hence, the current in appliance 
A equals 110 + 22, or 5 amperes. (Ohm's 
law.) The current through B equals 110 
+44, or 2.5 amperes. The current flow 
through appliance C equals 110 + 55, or 
2 amperes. The current in the main circuit 
equals the sum of 5, 2.5, and 2, a total of 
9.5 amperes. The joint resistance equals 
110 + 9.5; or almost 11.6 ohms. 

Norte. Either method of solving such 
problems as the above may be used. Proba- 
bly the latter method is the easier one. 


In conclusion: 1. The voltage across 
the terminals of all the appliances in a 
parallel circuit is practically the same. 

2. The current flowing in each branch 
of a two-branch circuit is inversely pro- 
portional to the resistance of that 
branch. 

3. The dotal current in the circuit is 


110 volts 


Fig. 678. The current in the main circuit equals 
the sum of the currents in all the branches. 
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equal to the sum of the currents in 
all the branches. 

4. The resistance in each branch and 
the lolal resistance in the circuit may 
be found by Ohm's law. 

617. Why is parallel wiring so 
largely used? Possibly you use for 
your Christmas tree small bulbs that 
are wired in series. If so, you find that 
when one lamp burns out, the circuit is 
broken and all go out. Searching for 
the burnt-out lamp is a nuisance, and 
it would be most unsatisfactory if all 
our lamps were wired in series. We 
would be forced to turn on all our lights 
at one time, or to have none at all. 
When electric lamps are wired in par- 
allel, one can turn on any one or all at 
one time. 

If the sockets or outlets in our house 
wiring system were wired in series, 
every lamp and every appliance we 
use would receive the same amount of 
current. But we need from a fraction 
of an ampere for our small lamps to 5 
or more amperes for a toaster or a flat- 
iron. By having the sockets wired in 
parallel, we may plug into one socket 
a floor lamp that draws 0.5 ampere 
from a 120-volt circuit, and at the 
same time we can plug into another 
socket a flatiron that takes 5 amperes. 
On a parallel circuit, we may use any 
number of appliances we wish, even if 
each one uses a different amperage. 
Fig. 678 shows the amount of current 
flowing through each of several appli- 
ances connected in parallel on a 110- 
volt circuit, and the amount of current 
in the main circuit. Each tributary to 
a river adds to the volume of water in 
the river, and all the branches of a 
parallel circuit add to the number of 
electrons flowing in the main circuit. 
Every added appliance adds its amper- 
age to that flowing in the main circuit. 
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3. Electric Power and Energy 


Courtesy of the General Electric Company 
Fig. 679. Watt-hour meter for use with alter- 
nating current. 

618. Whatis electric power? In ac- 
cord with Faraday’s laws, the amount 
of chemical energy that is stored up 
in a storage battery depends upon the 
amount of current used in charging the 
battery and upon the time that current 
flows. The capacity of a storage cell is 
usually rated in ampere-hours. To il- 
lustrate, a battery which has a ca- 
pacity of 90 ampere-hours can supply 
a current of 1 ampere for 90 hours, 2 
amperes for 45 hours, 3 amperes for 
30 hours, etc. Thus we see that it is 
possible to deliver a small quantity of 
electrical energy for a long time, or a 
larger amount of electrical energy for 
a shorter time. The rate at which elec- 
trical energy is delivered is called elec- 
tric power. 

The walt is the unit of electrical power. 
The wali is equal to a current of one 
ampere driven by a potential of one volt. 
Hence, 

volis X amperes = walts. 

If the potential is 1 volt, a current of 

l ampere flowing continuously for one 


hour uses one wall-hour of electrical 
energy. The consumer buys electrical 
energy at a certain price per walt-hour, 
or per kilowalt-hour. One kilowatt-hour 
equals 1000 watt-hours. A flatiron oper- 
ating on a 120-volt circuit uses 5 am- 
peres of current continuously for one 
hour. It consumes 600 watt-hours 
(120 X 5) of electrical energy, or 0.6 
of a kilowatt-hour. 

If we connect a voltmeter across the 
terminals of a circuit and an ammeter 
in series, we can find the rate of ex- 
penditure of energy in the circuit. The 
reading of the voltmeter in volts multi- 
plied by that of the ammeter in am- 
peres equals watts. Electric wadl-hour 
meters are generally made to record 
their readings directly in kilowatt- 
hours. Different types of watt-hour 
meters are used for alternating and for 
direct current. (See Fig. 679.) 

The right-hand dial of Fig. 680 reads 
by kilowatt-hours from 0 to 10; the 
next dial reads by 10’s from 0 to 100; 
the third dial reads by 100’s from 0 
to 1000. The left-hand dial reads by 
thousands. The reading shown here 
is 1642 kilowatt-hours. An employee 
of the company supplying electricity 
reads the meter once a month. If this 
meter had read 1620 the preceding 
month, then the difference, or 22 kilo- 
watt-hours, would show the amount of 
electrical energy consumed during the 


month. 
10 
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Fig. 680. Kilowatt-hour meter dials. 
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Prose. A man uses four 40-watt lamps 
an average of 2 hours daily for one month. 
He uses two 100-watt lamps an average of 
4 hours daily. A bread toaster which has a 
resistance of 20 ohms is used 20 minutes 
daily. A flatiron in use a total of 20 hours 
per month takes 4.5 amperes of current. 
The voltage is 110. What is his electric 
bill for one month at a cost of 3¢ per 
kilowatt-hour? 

Solution. 4 x 40 X 2 x 30 = 9600 watt- 


hours for the 40-watt lamps. 2 x 100 x 
4X30 =24,000 watt-hours for the 100-watt 
lamps. 110 + 20 = 5.5 amperes. 110 x 
5.5 X $ X 30 = 6050 watt-hours used by 
toaster. 110 X 4.5 x 20 = 9900 watt-hours 
for flatiron. Total consumption is the sum, 
which is 49,550 watt-hours, or 49.55 kilo- 
watt-hours. The meter reading would be 49 
kilowatt-hours, since the fractional part is 
added to the next bill. At 3¢ per kilowatt- 
hour, the bill would be $1.47. 


4. Measurement of Resistance 


619. How is resistance measured? 
There are several ways to measure the 
resistance of a conductor. Three meth- 
ods will be discussed: 

1. Volimeter-ammeter method. Look 
at Fig. 681. We wish to measure the 
resistance of the conductor AB. We 
connect an ammeter in series with the 
resistance and a voltaic cell and find 
the number of amperes (I) which flow 
through the resistance. A voltmeter 
connected in parallel across the ends of 
the conductor enables us to find the 
potential difference (P.D.) in volts. 
Then, by Ohm’s law, 

TPA 
Aan 

2. Substitution method. Let us con- 
nect a few constant-voltage cells in 
series with a sensitive galvanometer 


Resistance 


Electron flow => 


Fig. 681. The voltmeter-ammeter method of 
nding resistance. 


and the conductor whose resistance is 
to be found. After the reading of the 
galvanometer has been observed, we 
remove the conductor and substitute 
for it in the circuit a graduated resist- 
ance box. The resistance of the box is 
then varied enough to cause the gal- 
vanometer to show the same reading 
as before. The conductor must have 
the same resistance as that shown by 
the resistance box. (See Fig. 682.) 

3. Whealstone bridge method. The 
Wheatstone bridge consists of a board 
a little more than a meter in length 
and about 5 inches in width. (See Fig. 
683.) Rather heavy strips of brass are 
mounted across each end of the bridge 
and along one side. The brass strip 
along the side has a gap near one end 
to permit the insertion of the conduc- 
tor of unknown. resistance, X, and also 
one near the opposite end to permit a 


A B 


x Resistance 
‘Galvanometer- 


Electron flow ——> 


Fig. 682. The substitution method for finding 
resistance. 
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Known 
resistance 


‘\Meter stick 
Electron flow ——>- 


Fig. 683. The Wheatstone bridge is used to measure resistance. 


resistance box to be introduced into the 
circuit. Stretched above a meter stick 
along the opposite side of the bridge 
is a uniform wire AB. Every unit 
length of that wire has the same resist- 
ance as any other unit length. One 
terminal of a galvanometer is con- 
nected to the binding post, G, and 
the other terminal is connected to the 
contact key which may be moved 
along the wire to make contact at any 
point. Current from the voltaic cell 
flows to the binding post C, where it 
divides. Part flows along the wire and 
part along the opposite side of the bridge 
through both the unknown resistance 
X and the known resistance R. The two 
branches unite at D and flow back to 
the cell to make the circuit complete. 
Will any current flow through the 
galvanometer? If the electrical poten- 
tial in the wire at the contact point 
is exactly equal to that at the binding 
post G, no current flows through the 
galvanometer. If the potential at the 
point of contact made by pressing the 
key is higher than it is at the point 
G, the current will flow in one direc- 
lion through the galvanometer, If the 
potential at G is higher, then the cur- 


rent flows in the opposite direction 
through the galvanometer. In using 
the bridge, one slides the contact key 
along the wire until a point is found 
where no current flows through the 
galvanometer. One can tell when such 
a point is reached because the needle 
will not show any deflection when the 
contact key is pressed against the wire 
at that particular point. This is called 
balancing the bridge. When the bridge 
is balanced in this manner, then the 
resistance of the wire L’ : resistance 
X = resistance of wire L : known re- 
sistance R. But the resistances of L 
and L’ are proportional to their lengths, 
and their lengths can be read from the 
meter stick. Suppose that L’ is 30 cm. 
and L is 70 cm. and the known resist- 
tance R is 35 ohms. Then, 


30: X= 


Whence, Y= 15 ohms. Telephone 
companies use the Wheatstone bridge 
to locate a break in the line. It is so 
accurate that men in the laboratory 
can tell the linemen between what poles 
the break is located, even if the poles 
are miles from the laboratory. This 
simplifies the task of finding the break. 


70: 35. 
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Summary 


A galvanometer is used to detect the presence of an electric current, 
to determine its direction, or to measure its potential and strength. A 
high-resistance galvanometer calibrated to read volts directly is a volt- 
meter. A low-resistance galvanometer calibrated to read amperes is an 


ammeter. 


The fall of potential along a conductor is directly proportional to its 
resistance. An ammeter shows the same reading in one part of a series 


circuit as in another part. 


The joint resistance of several conductors in series equals the sum of 
the several resistances. When conductors are joined in shunt, the re- 
ciprocal of the total resistance equals the sum of the reciprocals of the 


individual resistances. 


By the use of a voltmeter and an ammeter, the resistance of a con- 
ductor may be found directly. (Ohm's law.) Resistance may be found by 
substitution, or by the use of a Wheatstone bridge. 

The watt is the unit of electrical power. Volts times amperes equal 
watts. One kilowatt equals 1000 watts. Power companies usually charge 
for electrical energy at a certain price per kilowatt-hour. 


How many of the following terms can you define or explain? 


Voltmeter 
Resistance coils 


Shunt circuits 
Wheatstone bridge 


Parallel wiring 
Resistance of wires 


Series wiring Watt in parallel 
Resistance of wires Ammeter Electric power 
in series Fall of potential Watt-hour 


QUESTIONS 


1. What is the unit used to measure 
electrical power? What units are used to 
measure the consumption of electric power? 

2. Will magnetic compasses give true 
readings in the vicinity of electrical meas- 
uring instruments? Explain. 

3. Why must the coils in resistance boxes 
be composed of wire whose resistance does 
not change appreciably with the tempera- 
ture? 

4. What is meant by a “three range” 
ammeter or voltmeter? - 

_ 5. How must a voltmeter be connected 
into the circuit? Why? 
_ 6 How must an ammeter 
into the circuit? Why? 

7. Read your electric meter the same day 
the company employee does. A month later 
When he returns read it again, Determine 


be connected 


your electric service bill at the current 
rates charged by the company. 

8. What are the advantages and dis- 
advantages of series wiring? 

9, Parallel wiring is used more exten- 
sively. What are the advantages of this 
method? 

10. Some electric Christmas tree lamps 
are wired so that if one burns out, the 
entire string goes out. Are they wired in 
series or in parallel? 

11. Why must an ammeter be a very low 
resistance instrument? 4 

12, The voltmeter is a high resistance 
i nt. Why? 
gach the Wheatstone bridge method of 
measuring resistance, why will no current 
flow through the galvanometer when the 


bridge is balanced? 


Switch in Switch in 
lower hall upstairs 
hall 


To generator 


Fig. 684. A three-way lighting switch. 


14. Will more current pass through a 
circuit if lamps are connected in parallel, 
or if the same lamps are connected in 
series? 
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15. Suppose that you are using a three. 
range ammeter of the type described in 
Section 609. With which range should you 
start? If the current actually is about 0,7 
amperes, with which range will you finish? 

16. Why is the combined resistance less 
than any of the separate resistances when 
they are connected in parallel) 

17. Rheostats used on 110-volt circuits 
generally produce a great deal of heat, and 
must be properly ventilated. What is the 
source of this heat? 

18, Houses are generally wired so that 
the lights in the halls may be operated 
either from upstairs or from downstairs. 
Study Fig. 684 and explain how the lamp 
L may be controlled from either switch 
A or switch A’. 


PROBLEMS 


a” 


1. An electric iron consumes 1000 watts. 
How much will it cost to operate this iron 
for 15 hours, if current costs 4 cents per 
kilowatt-hour? 

2. A toaster operated on a 110-volt line 
draws 5 amperes. How many watts of power 
is this? If the toaster'is used 15 minutes, 
how many kilowatt-hours of electricity 
are consumed? 

3. Three resistances of 5 ohms each are 
connected in series. What is the combined 
resistance? 

4. The three resistances of Problem 3 
are connected in parallel. What is the com- 
bined resistance now? 

5. Eight lamps are connected in series 
in a set of Christmas tree lights. If the 
string is connected to the 110-volt line, 
what is the fall of potential across each 
lamp? 

6. If a chandelier has five 40-watt bulbs 
connected in parallel to a 110-volt circuit, 
what is the fall of potential acrosseachlamp? 


Group A 


7. Resistance coils of 4, 6, and 8 ohms, 
respectively, are joined in series with a 
yoltaic cell whose E.M.F. is 1.5 volts. If the 
internal resistance of the cell is 0.2 ohms, 
what current flows through the circuit? 

8. Two dry cells, 1.5 volts each, are 
connected in series. They are then con- 
nected to three resistances, 8, 16, and 
24 ohms, respectively, which are hooked 
up in parallel. The internal resistance of 
each cell is 0.1 ohm. What current will flow 
through the main circuit? ig 

9. A coffee percolator has a heating coil 

whose resistance is 20 ohms. It is used on a 
110-volt circuit for 30 minutes a day. At 
3 cents per kilowatt-hour, what will be 
the cost of operation for a month of 30 
days? 
10. Two resistance coils of 5 ohms and 
10 ohms, respectively, are connected in 
parallel to a main circuit. If 4 amperes 
flow in the main circuit, what current 
flows through each of the coils? 


Group B 


11. Two resistance coils of 8 and 12 
ohms, respectively, are connected in paral- 
lel with a battery that has an E.M.F. of 
18 volts. Calculate the current flowing in 
the main circuit, and in each of the branch 
circuits. Make a diagram before attempting 
to solve the problem, 


12. Three cells are connected in series. 
Each cell provides 1.5 volts. To these ce 
are connected three resistances, 6, 15, aT 
18 ohms, respectively, joined in parallel. 
What is the joint resistance? What current 
flows through the main circuit? Calculate 
the current flowing through each branch. 
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13. What current will a 300-watt lamp 
use when operated on a 110-volt circuit? 
What is the resistance of the filament? At 
1.25 watts per candle, what candle-power 
is this lamp? 

14, The following appliances are oper- 
ated on the same circuit: a 600-watt 
toaster, a 550-watt percolator, and a 50- 
watt radio. Power is furnished at 110 volts. 
Will these appliances overload a circuit 
protected with 15-ampere fuses? 

15. What current is used by a 200-watt 
lamp operated on a 110-volt circuit? What 
is the resistance of this lamp? If three of 
these lamps are used in series, what will be 
the combined resistance? What current will 
flow) If the three lamps are connected in 
parallel, what is the joint resistance? What 
current will flow in the main circuit now? 

16. The Wheatstone bridge method is 
used to find the value of an unknown re- 
sistance. A total of 72 ohms has been put in 
the circuit as known resistance from a re- 


009 ohms 


001 ohms 


Fig. 685. A shunt across an ammeter. 
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sistance box. The galvanometer indicates 
no deflection when the contact is made at 
55 em. on the slide wire. What is the value 
of the unknown resistance? The bridge is 
set up as shown in Fig. 683. 

17. Suppose that an ammeter whose re- 
sistance is 0.009 ohm can safely carry 10 
amperes. If it reads 10 amperes when con- 
nected in series, what will be its reading 
after a shunt of 0.001 ohm resistance has 
been connected across its terminals as in 
Fig. 685? How strong a current can then be 
used with the ammeter? 

< A voltmeter connected across the 
terminals of a generator shows an E.M.F. 
of 110 volts. Three lamps, X, Y, and Z, each 
having a resistance of 110 ohms, are con- 
nected as shown in Fig. 686. When the 
lamp Z is turned off, what current will 
flow through the ammeter? What current 
will flow when the lamp Z is turned on? 
Explain why the lamp X will.glow more 
brightly than either one of the others. 


N 
\ 
Ammeter 


Fig. 686. Series-paraliel connection. 


Unit Ten 
Chapter 26 


Electromagnetic Induction — 


1. Induced Currents 


620. What is electromagnetic in- 
duction? Oersted proved that a cur- 
rent flowing through a conductor sets 
up a magnetic field around the conduc- 
tor. As early as 1831, Michael Faraday 
began some experiments to test the 
effect of a magnetic field upon a con- 
ductor moving through the field. He 
also tried the opposite effect, by mov- 
ing a magnetic field so that its lines 
of force cut through the conductor. 
(See Fig. 687.) 

We can easily repeat one of Fara- 
day’s experiments. Let us connect the 
terminals of a spool of insulated wire 
to a sensitive galvanometer, as shown 
in Fig. 688. When we push one end of 
a strong bar magnet down into the 
spool, the galvanometer needle is de- 
flected. This shows that a current is 
induced in the wire by the magnet. 
When the bar magnet is withdrawn 
from the spool, an induced current is 


Alternating Current 


set up in the opposite direction. A 
stronger current is induced by thrust- 
ing the magnet into the spool more 
quickly or withdrawing it more quickly. 
When the magnet is at rest in the spool, 
no current is induced. If we use the 
opposite pole of the magnet, the cur- 
rent directions are just reversed. 

These experiments by Faraday 
proved that an E.M.F. is induced in a 
conductor when a magnel is_moved_so 
that ils lines of force cul through the 
conduclor. This discovery led to the 
invention of the electric generator, 
which supplies current to run our elec- 
tric railways, light our houses, run 
refrigerators, washing machines, and 
vacuum cleaners, and do all the other 
home and industrial jobs we now have 
for electricity. 

621. How current is induced ina 
moving conductor. In the experi 
ment of Section 620 the magnet was 


Vocabulary =m 


Inpucrtion, the creation of an E.M.F. in a 
conductor by movement, of the conductor 
with respect to a magnetic field. 

Primary cor, the coil of wire through which 
current from an external source passes. 

SECONDARY COIL, the coil in which the E.M.F. 
is induced by current variations in the pri- 
mary coil, 

SELF-INDUCTION, a phenomenon in coiled con- 
ductors whereby the magnetic field of one 
turn induces an E.M.F. in an adjacent turn. 


GENERATOR, a device for converting mechani- 
cal energy into electrical energy. 5 
ALTERNATING CURRENT, a current in which 

the movement of the electrons is to and fro. 
Dinecr current, a current in which the 
movement of the electrons is in one direc- 
tion only. j 
Motor, a device for converting electrical 
energy into mechanical energy. 
TRANSFORMER, a device for changing the 
voltage of an alternating current. 
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Fig. 687. Michael Faraday (1791-1867) was a 
distinguished English physicist and chemist. He 
was assistant to Sir Humphry Davy. When Davy 
was asked what he considered his greatest dis- 
covery, he said, "Michael Faraday." Faraday 
liquefied certain gases, formulated the laws of 
electrolysis, and discovered the principle of 
electromagnetic induction, which led to the 
development of the generator. 


moved so that its lines of force were 
cut by one or more conductors. Let 
us modify the experiment and push a 
coil or loop of wire down over one of 
the poles of a horseshoe-shaped mag- 
net. As the coil moves down past the 
pole of the magnet, it cuts or intersects 


magnet 


-Spool of 
Æ| insulated 
wire 


Fig. 688. Lines of force cut the turns of the coil 
when the magnet is lowered. This induces an 


E.M.F. 


magnetic. lines of force and an in- 
duced E.M.F. is set up in the coil. If 
the ends of the coil dre connected to 
the terminals of a galvanometer, then 
we have an induced current set up in 
the coil, as shown by the deflection of 
the needle of the galvanometer. When 
we remove the coil, then the induced 
current flows in the opposite direction. 
An induced current is always sel up in 


a closed circuil_when a conductor in 
makes no difference whether the con- 
ductor moves across the lines of force 
of the magnet, or whether the magnet 
moves past the conductor. One or the 
other must be in motion to produce an 
induced current. 

We must distinguish between an 
induced E.M.F. and an induced cur- 
rent. If the ends of a coil, as in Fig. 689, 
are not connected, and the coil is on 
open circuit, then an induced E.M.F. 
is set up in the coil as it moves across 
the lines of force, but no current can 
flow. When the circuit is closed by 
connecting the coil to a galvanometer, 
we obtain an induced current. An in- 
duced E.M.F. has potential energy; 
when the circuit is closed, its energy 
becomes kinetic, and an induced cur- 
rent flows through the circuit. 

622. How can one current pro- 


-Loop cuts lines of force 


Fig. 689. An E.M.F. is also induced by moving 
a coil through magnetic lines of force. 
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duce another? The secondary coil of 
Fig. 690 consists of a large number of 
turns of fine insulated wire wound on a 
large wooden spool. Its terminals are 
connected to a simple galvanometer. 
Let us place a primary coil inside this 
secondary. The primary coil has a few 
turns of insulated wire wound on a 
small spool, and is connected in series 
with a contact key and a dry cell. 

When the key is pressed to close the 
circuit, a current flows through the 
primary coil. The galvanometer needle 
is deflected, showing that a current is 
induced in the secondary coil. The 
lines of force produced by the current 
flowing in the primary coil have cut 
across the wires of the secondary coil 
and set up an induced current in the 
secondary. If the key is kept closed, 
the induced current soon stops flowing. 
When we release the key and break 
the circuit, the galvanometer deflects 
in the opposite direction. A current is 
induced in the secondary, but in the 
opposite direction. 

Upon closing the circuit, the mag- 
netic field caused by the current flow- 
ing through the primary coil rises to 
maximum strength, and the lines of 
force threading across the secondary 


Contact key- 
id Cell } 


Fig. 690. Varying the current in the primary 
induces an E.M.F, in the secondary coil, 
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turns cause the induced current. Upon 
breaking the circuit, the strength of 
the magnetic field quickly falls to zero 
and an induced current flowing in the 
opposite direction is set up. In both 
cases, the induced current stops when 
the lines of force stop changing. In- 
creasing or decreasing the number of 
tines of force in a magnelic field induces 
an E.M.F. in a conduclor present in 
that. field. If the circuit of the second- 
ary is closed, as it is by the galvanom- 
eter, an induced current is produced. 
The induced E.M.F. and the induced 
of the magnetic field is varying. 

623. What is the direction of the 
induced current? When a wire is 
moved between the poles of a horse- 
shoe magnet, as shown in Fig. 691, an 
induced E.M.F. is set up in the wire. 
If we close the circuit, an induced 
current flows. By connecting the ends 
of the wire to a sensitive galvanometer, 
it may be shown that the current flows 
in one direction as the wire is moved 
down between the poles of the magnet, 
and in the reverse direction as it is 
moved up through the magnetic field 
between the two poles. Cutting lines 
of force in one direction sets up a cur- 
rent in a conductor; when the conduc- 
tor cuts lines of force in the opposite 
direction, the current is reversed. When 


Conductor cuts 
lines of force 


t Electron flow 


Fig. 691. Verify the direction of the induced 
current using the right-hand rule. 
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the conductor moves parallel to the 
lines of force, no current is induced 
because no lines are cut. 

The direction in which the induced 
current flows may be found by the 
right-hand rule, or generator rule: Let 
the forefinger of the right hand point 
in the direction of the lines of force; turn 
the hand so that the exlended thumb 
points in lhe direction the conductor is 
moving; the middle finger, bent at right 
angles to both the thumb and forefinger, 
will then point in the direction of the 
induced current. Applying this rule to 
Fig. 691, we find that the current flows 
through the wire toward the observer 
as the wire moves up between the poles 
of the magnet; it flows from him as 
the wire moves down between the poles 
of the magnet. 

624, What is Lenz’s law? In Sec- 
tion 621 we learned that an induced 
current is set up in a coil of wire as it 
moves down over the pole of a magnet 
if the coil is connected to a closed cir- 
cuit. The coil then becomes a magnet. 
The induced current flows in such a 
direction that the magnetic pole of 
the moving coil opposes the field of 
the stationary magnet. If the coil is 
brought down toward the N-pole of a 
magnet, the coil current flows in such 
a direction that the coil end approach- 
ing the N-pole will also become an 
N-pole, The two N-poles repel each 
other, and tend to prevent the coil 
from being lowered over the pole of 
the magnet. Work is done in over- 
coming this force of repulsion. 

If we reverse the motion, the current 
reverses and an S-pole is formed; this 
S-pole tends to prevent the removal 
of the coil by attracting the N-pole of 
the magnet. Therefore, work is done 
again in removing the coil. A current 
induced in a moving conductor always. 
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-of the conductor, This is called Lenz's 


LAW. 

Similarly, if we push the coil down 
over the S-pole of the magnet, the 
current that is induced will flow in 
such a direction that the face of the 
coil approaching the magnet becomes 
an S-pole and opposes the motion. 
Mechanical energy is changed into 
electrical energy. 

625. What is the strength of the 
induced E.M.F.? A higher E.M.F. is 
induced when a conductor is moved 
through a magnetic field more rapidly, 
so that it cuts the lines of force faster. 
If we use a stronger magnet, there will 
be more lines of force to cut and again 
we will get a higher E.M.F. 

When we double the number of 
turns in the coil, we double the num- 
ber of conductors that are cutting lines 
of force. So we can also increase the 
induced E.M.F. by increasing the 
number of turns. All this can be sum- 
marized with one statement: The 


strength of the induced E.M.F. depends 


upon the number of lines of force cul 


per second. ; 
To build up a high voltage by induc- 
increase_the_ strength 9, 


626. Self-induction opposes cur- 
rent flow. Connect a small lamp 
in series with a switch and a dry cell 
and close the switch. The lamp lights 
up almost immediately. It goes out 
quickly when the switch is opened 
again. But now let us put a coil like 
that in Fig. 688 into the circuit, also 
in series. When we close the switch, 


Fig. 692. Joseph Henry (1797-1878) dis- 
covered self-induction and developed the elec- 
tromagnet, He invented the telegraphic prin- 
ciple and the relay. As Secretary of the Smith- 
sonian Institution he also founded the Weather 
Bureau. 


we find that the lamp does not light up 
as quickly. Upon opening the switch, 
we also find that the lamp stays lit a 
few moments longer than it did when 
we opened the switch before, and it 
grows dim slowly rather than quickly. 

This demonstrates what is known as 
self-induclion, It was discovered by the 
American physicist J oseph Henry, 
Fig. 692. Let us see how it affected 
our experiment. Each time we closed 
the switch and then opened it, the 
current built up and then died down, 
and the magnetic field about the wires 
did the same. In the second case, 
however, the presence of the coil 
changed the speed with which the 
current increased and decreased. This 
is because, when the current was build- 
ing up in the second case, the magnetic 
lines of force were not just cutting 
space about the wires in the circuit. 
In the coil, they were intersecting the 
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adjacent wires in the coil as well. Since 
moving magnetic lines of force in a 
primary coil can induce a current in 
an adjacent secondary, does it not seem 
reasonable that the field about one 


‘loop of a coil will also induce a current 


in the adjacent loops of the same coil! 
By Lenz’s law, too, a current induced 
in this manner opposes the motion of 
the current. That is why the lamp did 
not light up as rapidly in the second 
half of the experiment. Self-induction 
opposed the building up of the current 
strength, It also kept the light from 
going out as quickly, by opposing the 
dying out of the current. Of course, 
self-induction occurs only when the 
magnetic field is changing. When the 
current is steady or has died out com- 
pletely, there is no self-induction. 

627. How does an induction coil 
work? Instead of having to joggle a 
contact key up and down as we did 
to induce a current in Section 622, it 
is much more convenient to substitute 
a vibrating contact like that in an 
electric bell. This will automatically 
“make” and “break” the circuit of 
the primary, and give us the essentials 
of a spark coil or an induction coil. 

In Fig. 693, when the current flows 
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Fig. 693, An induction coil will increase the 
voltage of an intermittent direct current. 
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through the few turns of insulated wire 
in the primary, the core made of a 
bundle of iron wires becomes an elec- 
tromagnet and attracts the armature, 
The circuit is broken when the arma- 
ture is pulled away from the contact 
screw, T. The magnetic field in the 
primary collapses rapidly, and a strong 
E.M.F. is induced in the secondary, 
composed of thousands of turns of 
fine insulated wire. But the core of 
the primary has lost its magnetism, so 
the armature is released and closes the 
circuit. As the magnetic field in the 
primary increases again, an E.M.F, is 
induced in the secondary in the op- 
posite direction. Thus an alternating 
E.M.F. exists in the secondary. A 
spark may be-produced at Æ. 

A condenser is regularly used with 
an induction coil. It is connected so 
that the current break is between its 
terminals. When the break occurs, the 
energy that would ordinarily tend to 
spark across the gap at D has an 


easier path into the condenser. The 
break itself then becomes more sudden, 
the lines of force collapse faster, and 
a larger E.M.F. is induced. This is 
seen in a stronger spark at Æ. The 
break becomes so sudden that actually 
the induced current then is about 
10,000 times as strong as at the make. 
A strong pulsating direct current is in 
effect produced. The condenser also 
helps demagnetize the core in readi- 
ness for the next cycle of operation by 
discharging back through the primary 
coil after the contact is broken. 

628. Where is an induction coil 
used? An induction coil is used in an 
automobile to make the spark that 
explodes the gasoline vapor and air in 
the motor. The primary is in series 
with the storage battery and a circuit 
breaker, and the secondary is con- 
nected to the spark plugs. The coil 
raises the voltage of the storage battery 
enough to produce the spark for igni- 
tion. 


2. Generators 


629. What is a simple genera- 
tor? Moving a loop of wire up and 
down in a magnetic field is not a 
convenient method for producing an 
induced current. Fig. 694 shows a 
single loop of wire mounted on an axis 
% that it may be rotated by hand be- 
tween the poles of a horseshoe field mag- 
net; thus it cuts lines of force. Such an 
arrangement is a simple generator. The 
field magnel furnishes the lines of force. 
The rotating loop, which we call the 
armature, cuts the lines of force. 

When the crank is turned, one wire 
of the loop moves down past the N-pole 
of the field magnet as the other wire 


fnoves up past the S-pole. By applying 
the right-hand rule, we find that the 


C „Rotating loop 


Fig. 694. A simple generator mounted between 
the poles of a horseshoe magnet. 
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current circles the loop in one direc- 
tion during one half-revolution, and 
goes in the opposite direction during 
the other half-revolution. The com- 
plete revolution is known as a cycle. 

A current that flows in one direction 
during part of a cycle and in the op- 
posite direction during the rest of the 
cycle is called an alternating current. 
When a current flows in one direction 


only, it is called a continuous or direct 


current. The current in the armature 
of our generator is alternating. 

With this revolving loop, the E.M.F. 
rises to a maximum in one direction 
as one wire of the loop moves up past 
one pole. The E.M.F. is a maximum 
when the wire is right at the pole, as 
it isthen cutting the maximum lines of 
force. The E.M.F. starts decreasing 
as the wire moves away from the pole, 
and falls to zero when the wire is 
moving parallel with the lines of force. 
As the wire moves down past the other 
pole, it is cutting lines of force in the 
opposite direction, and the E.M.F. 
rises to a maximum in the other direc- 
tion. The E.M.F. reaches a maximum 
when both wires of the loop are cutting 
a maximum number of lines of force, 
as at AB, Fig. 694. When the loop 
reaches the position shown at CD, no 
lines of force are being cut, and the 
E.M.F. is zero. As a result, the induced 
E.M.F. during one complete revolu- 
tion varies as in Fig. 695. 

For simplicity in discussion, our 
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Fig. 695. The curve of the output of a laboratory 
generator during one cycle. 
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armature has been a one-turn loop, 
The induced E.M.F. in a single turn 
is very small. Practical generators con- 
tain coils consisting of many turns of 
wire to provide more useful voltages, 
Also, many coils may be mounted 
around the rotating shaft to form the 
armature of a generator. 

630. How is current taken from 
the armature? If we were to connect 
the ends of a revolving loop or coil 
directly to some instrument, the wires 
would be twisted off after a few revolu- 
tions. To make a practical generator 
circuit, the ends of the loop are soldered 
to’ two brass rings, called slip-rings, 
which are mounted on the same shaft 
as the armature. These rings are in- 
sulated from each other. Two metal 
strips or carbon blocks, called brushes, 
rest lightly on the slip-rings as they 
revolve with the loop, as in Fig. 696. 
The brushes are stationary, but they 
make continuous contact with the 
rotating slip-rings. The ends of the 
wires that lead to the external circuit 
are connected to the brushes, which 
take current from the slip-rings and 
transmit it to the external circuit. 

631. What is a magneto? The 
simple generator we have discussed 
consists of a coil rotated in the mag- 
netic field of a permanent magnet. To 
obtain greater electrical output it often 
contains several permanent magnets. 
Such a machine is called a magneto. 
It has been used for many years with 
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Fig. 696. Brushes take alternating current de- 
veloped by the armature from slip-rings- 
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Air Technical Service Command Photo 


Fig. 697. A magneto supplies the current to the induction coil of this radio-controlled target plane. 


a hand crank for ringing telephone 
bells. When its output is connected to 
a spark coil, the sparks produced ignite 
the gasoline vapor inside the engines 
on outboard motors, lawn mowers, 
motorbikes, and some airplanes. (See 
Fig. 697.) 

632. How does the commercial 
A.C. generator work? Using perma- 
nent magnets for the magnetic field 
limits the amount of electrical power 
produced. An electromagnet can create 
a much stronger magnetic field than a 
permanent magnet, so this type is 
used in large generators of alternating 
Current, or A.C. 

_The A.C. generator has three essen- 
tial parts: 

L. The field electromagnets that pro- 

uce magnetic lines of force. 

2. The armature, which consists of 
an iron core wound with a large num- 
ber of coils of insulated wire; the arma- 
ie revolves between the poles of the 
Aa magnet so that the armature coils 

magnetic lines of force. 


3. The slip-rings and brushes. 

Alternating current is generated in 
the armature exactly as in the case of 
the single rotating loop in the magneto. 
When this current is taken from the 
armature by the brushes which rest 
on the slip-rings, the current in the ex- 
ternal circuit is also alternating; that 
is, it flows through the external circuit 
first in one direction, and then in the 
opposite direction. There are two al- 
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Fig. 698. The field of a generator is an electro- 
magnet. 
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Courtesy of Westinghouse 


Fig. 699. The field coil of a commercial generator shows the complexity of its construction. 


ternations for each cycle. Since many 
commercial machines have a frequer 
of 60 cycles per second, the number of 
alternations is per second, 

633. How is the field magnet 
magnetized? In the magneto, per- 
manent magnets are used: to furnish 


the lines of force. . generators, 


macnets. in- 
however, we use electromagnets 3 


stead of permanent magnets, as indi- 
cated in Fig. 698. In larger generators 
such as that in Fig. 699, a small direct- 
current generator, called an exciter, > 


: . his 
used to magnetize the field. By th 


a field i8 
means the current through the “i ae 
kept constant, and the voltage 0 * 


A.C. generator does not vary if its 
speed is constant. 

634. Stationary armatures are 
used in large A.C. generators. If 
high voltages are produced in genera- 
tors with rotating armatures, the arma- 
tures have to be carefully insulated. 
The slip-rings tend to spark and pro- 
duce short circuits. Therefore, en- 
gineers have developed A.C. generators 
with stationary armatures, called 
slators. The field magnet turns inside 
the armature, and is called the rotor. 
Magnetic lines of force are still cut 
by the armature, so an induced E.M.F. 
is produced, 

The current is taken from the stator 
without the use of slip-rings and 
brushes. This eliminates many of the 
difficulties of insulation. The voltage 
applied to the rotor is small enough 
so that it is easy to use slip-rings and 
brushes to lead the current to the 
rotor. Fig. 700 shows part of an 18-ton 
rotor for a giant generator. 

635. How does the direct-current 
generator work? In only one essen- 
tial does the direcl-current generator 
differ from that for A.C. The ter- 
minals of the armature are not con- 
nected to slip-rings, but to metal 
segments of a commutator. The com- 
mutator changes the alternating current 
of the armature into a current which 
flows in one direction only into the 
external circuit. This is a direct current. 
In its simplest form, the commutator 
consists of a ring of brass which has 
been split into two semicircular seg- 
ments, carefully insulated from each 
other, The terminals of the armature 
coil are each soldered to one segment, 
äs shown in Fig, 701. Brushes resting 
on these segments take current from 
them just as they do from the slip- 
"ings of the A.C. generator. 


Courtesy of Westinghouse 


Fig. 700. This 18-ton rotor is part of a generator 
set used to regulate the speed of six motors 
totaling 3,000 hp. 


As the coil of Fig. 701 rotates so that 
the top wires AA’ move toward the 
observer, the current flows out of the 
coil to the commutator segment C. 
The brush bearing on this segment is 
receiving current, hence it is considered 
positive. As the armature rotates more, 
the wires AA’ of the loop get closer to 
the S-pole and begin to cut lines of 
force in the opposite direction. The 
current then reverses and flows out of 
the coil to segment C’. But during this 
rotation of the coil or loop, the segment 


Fig. 701. The commutator switches the polarity 
of the armature at the right instant to produce 
direct current in the external circuit. 
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C’ has also moved until it is now in con- 
tact with the positive brush. Therefore 
the brush marked plus always rests on 
that segment to which the current from 
the armature is flowing. Thus the cur- 
rent is allernaling in the armature, but 
continuous in the external circuit. The 
brushes are adjusted so that the com- 
mutator segments change from one 
brush to the other at the same instant 
that the current reverses in the arma- 
ture. While segment C is receiving 
current, it is in contact with the posi- 
tive brush. While segment C’ is receiv- 
ing current, it is also in contact with 
the positive brush. 

When only one coil is used in the 
armature, the E.M.F. is pulsating, or 
intermittent, as shown in the curve of 
Fig. 702. To secure a more constant 
voltage, many coils are used in the 
commercial generator. They are set at 
angles to one another, so that some 
coil is always cutting lines of force. 
It is possible to keep the voltage very 
nearly constant by using a large num- 
ber of coils. 

The output E.M.F. of a three-coil 
armature is shown in Fig. 703. This 
armature has two commutator bars 
for each coil, a total of six bars. These 
are arranged so that each set of bars 
contacts the brushes during the time 
that the corresponding coil is passing 
through the greatest number of lines 
of force. Thus coil 7 in Fig. 703 sup- 
plies its output to the brushes for the 
first 60 degrees of rotation and is then 
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Fig. 702. The curve of the pulsating output of 
one coil producing direct current, 
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One complete rotation 


Fig. 703. A three-coil armature produces a 
more constant output. 


cut out of the circuit and coil 2 cut in, 
The E.M.F. produced by coil 1 after 
it has been cut out is represented by 
the dotted lines. Since this E.M.F. is 
not conducted to the brushes it only 
appears at the open ends of the coils, 
and it is in a sense wasted. The output 
E.M.F. is brought back to its peak 
value by coil 2, again decreases slightly 
but is raised again by coil 3 when it is 
cut into the circuit by its commutator 
bars. The heavy line shows that the 
output E.M.F. never decreases to zero 
as did the single rotating coil. Fairly 
constant output is obtained. Additional 
coils produce still less variation in 
output. A cross-section view of an 
automobile generator is shown in Fig. 
704, in which several coils are used. 
636. Direct-current generators 
are self-exciting. Most d irect-current 
generators use all or part of the induced 


Commutator -~- 
bars 


Fig. 704. Why should the output of this auto” 
mobile generator be fairly constant? 
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current in the armature to energize 
the field. Therefore_they are called 
self-exciting. They may be series-wound, 
shunt-wound, or compound-wound. In 
a series-wound generator all the arma- 
ture current energizes the field magnet, 
the wire from one of the brushes pass- 
ing around the core of the field before 
passing to the external circuit. In the 
shunt-wound, a separate wire, using 
only a part of the induced current 
from the armature, energizes the field. 
The compound-wound generator is a 
combination of both types, as in Fig. 
705. An increase in the resistance of 
the external circuit reduces the current 
in the series coils, but increases it in 
the shunt coils. This means that with 
the proper number of each type of 
coil, a constant strength of the field 
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can be maintained even under varying 
load. We can see that in the first two 
types, variations in load change the 
field strength, which makes it difficult 
to maintain a constant output voltage. 


To external 
circuit 


Field is 
compound-wound 


Fig. 705. A compound-wound generator. Trace 
the effect of changing the resistance in the 
external circuit. 


3. Motors 


637. What are the parts of an 
electric motor? The simple direct- 
current motor does not differ essen- 
tially from the generator. It has one 
electromagnet which serves as the field 
magnet. Another electromagnet serves 
as the armature. There is a commuta- 
tor, and brushes are used, too. The 
Purpose of the electric motor is to trans- 
Jorm elecirical energy into mechanical 
energy. Current from a generator or 
from some other source is led to the 
electric motor. There it produces two 
Magnetic fields, one in the field magnet 
and the other in the armature. The 
poles of the field magnet mutually 
attract and repel those of the armature 
With sufficient force to cause the arma- 
ture to rotate rapidly. The armature 
shaft may be connected directly to the 
machine to be driven, it may be geared 


to it, or it may have a belt wheel 
attached to its shaft. 

638. What makes a motor run? 
To understand the principle of the 
electric motor, let us mount an electro- 
magnet on an axis so that it is free to 
rotate between the poles of a horseshoe 
magnet, as in Fig. 706. If we pass 


North pole 


Fig, 706. The electromagnet serves as an arma- 


ture, and can rotate between the poles of the 


horseshoe magnet. 
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current through the electromagnet in 
such a direction that the pole at the top 
of the figure is an S-pole, it will be 
attracted by the N-pole of the station- 
ary field magnet and repelled by the 
S-pole. Its N-pole at the opposite end 
is attracted by the S-pole of the field 
magnet and repelled by the N-pole. 
All these forces are working together 
to turn the electromagnet which serves 
as an armature in a counter-clock wise 
direction. It would stop when the two 
sets of opposite poles are nearest each 
other, if it were not for its inertia. 
This carries the N-pole, for example, 
slightly beyond the S-pole of the mag- 
net, If at thal particular instant the 
direction of the current flow in the 
rotating magnet is reversed, then its 
poles will be reversed. (See Fig. 707.) 
The stationary poles of the field will 
then continue to drive the rotating 
magnet through 180° of rotation by 
their attraction and repulsion. Another 
change in the direction of the current 
and another reversal of the poles will 
turn the armature through another 
half-cirele. A commutator and brushes 
are used to change the direction of the 
current flow at just the right instant. 
The commutating action is shown 
in Fig. 708. As the current flows 
through the armature loop in a counter- 
clockwise direction, the loop becomes 
a magnet with its N-pole facing you, 


Fig. 707. The current changes direction and 
reverses the polarity of the armature. 
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and its S-pole is on the far side of the 
loop. The N-pole of the field magnet 
repels the N-pole of the loop and at- 
tracts its S-pole. The S-pole of the 
field magnet at the same time attracts 
the N-pole of the loop and repels its 
S-pole. The two forces of attraction 
and the two forces of repulsion all work 
together to turn the loop in the direc- 
tion shown by the arrow. If the current 
continues to flow in the same direction, 
the loop will stop rotating as soon as 
its poles are opposite the corresponding 
unlike poles of the field magnet. How- 
ever, at about the time that point is 
reached, the commutator reverses the 
direction of the current in- the loop 
and its polarity is reversed. Then the 
attraction and repulsion continue as 
before. Inertia carries the poles past 
the points of dead center. 

The direction of rotation may be 
found by use of the left-hand rule, or 
motor rule. Extend the forefinger of 
the left hand in the direction of the 
lines of force; turn the middle finger, 
bent at right angles to both the thumb 
and forefinger, so that it points in the 
direction of current flow. The extended 
thumb then points in the direction of 
rotation. 

The torque or twisting force that 
produces rotation of a motor arma- 
ture depends upon the strength of the 
current, the number of windings in the 
armature, the number of turns in each 
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Fig. 708. The commutator reverses the curren 
in the armature of a motor. 
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Courtesy of the Pennsylvania Railroad 


Fig. 709, Railroads are electrified only where high traffic density warrants the expense. Notice the 


overhead lines for supplying the electric current. 


winding, and the strength of the mag- 
nelic field through which the arma- 
ture rotates. The strength of this 
magnetic field in turn depends on the 
number of ampere-turns in the field 
coils, 

639. There are two kinds of di- 
rect-current motors. Direct-current 
motors may be shunt-wound or series- 
wound. Shunt motors are extensively 
used in machine shops since their 
speed is not much affected by varying 
loads. 

The torque of a series motor is much 
greater at starting than that of a 
shunt motor, hence the series motor is 
used when a motor must start under a 
heavy load. For this reason, the series 
motor has been used in street cars and 
electric railroads. The current is sup- 
plied to the motor from a trolley wire 
or a third rail, The current flows 
through the car wheels to the track, 
Which forms the return circuit. (See 
Fig. 709.) 

640. What types of alternating- 
current motors are there? Series 
motors may be run on alternating as 


well as direct current. The current 
reverses at the same time in both the 
field and the armature. Series motors 
are used for fans, vacuum cleaners, 
sewing machines, ete. 

Induction motors operate only on 
A.C. They/ have two parts: One 
is the/ stator, which differs little from 
the stator of an A.C. generator in the 
manner in/ which it is wound. The 
other is the’rofor, which is built of 
copper bars laid in slotted, laminated 
iron cores. In the type known as the 
squirrel-cage rolor, the copper bars are 
all connected at each end to copper 
rings. (See Fig. 710.) When an alter- 
nating current passes through the 
windings of the stator, a rotating 
magnetic field is set up by the current. 
The rotor is not connected to the stator 
or the electrical supply in any way, 
but the rotating magnetic field pro- 
duces a current in the rotor by induc- 
tion. The magnetic field set up in the 
rotor by this induced current is 
dragged after the rotating magnetic 
field in the stator. Thus the rotor turns 
very rapidly on its axis. Induction 
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Courtesy of General Electric 


Fig. 710. The squirrel-cage induction motor taken apart to show its principal parts, 


motors are made in all sizes; their 
advantage lies in their simplicity. 
Induction motors find use in elec- 
tric clocks, for which they furnish the 
motive power. Such clocks, operating 
on alternating current, are very ac- 
curate because the speed of their in- 
duction motor is constant relative to 
the frequency of the power lines. 
Electric phonograph motors possess 
this same characteristic. 
| 641. Back E.M.F. is developed by 
a motor. Suppose we connect an in- 
candescent lamp in series with a small 
motor. If the motor armature is held 
so that it cannot rotate, the lamp 
lights up. When the armature is re- 
leased, the light grows dimmer as the 
motor comes up to full speed, V 
The voltage from the lighting circuit 
is impressed upon the motor. When the 
armature of the motor rotates in the 
magnetic field of the motor, it is cutting 
lines of force and producing an E.M.F. 
As one would infer from Lenz’s law, 
this E.M.F. produced by the motor is 
a back E.M.F., or a counter E.M.F. 


The back E.M.F. opposes the im- 
pressed E.M.F. The effective voltage 
which drives the motor is equal to 
the difference between the, impressed 
E.M.F. and the back E.M.F. Every 
motor when running is also a generator. 
If a motor whose measured. resist- 
ance is only 5 ohms is attached to a 
110-volt circuit and its armature shalt 
clamped in a vise to prevent it from 
turning, 22 amperes of current will 
flow through the armature. If the same 
armature, when running at full speed, 
cuts lines of force fast enough to 
produce a counter E.M.F. of 100 volts, 
then the effective voltage is equal to 
110 — 100, or 10 volts. The resistance 
does not change, but now only 
amperes of current flow through the 
armature of the motor. : 
The back E.M.F. of a motor which 
is running without load must be almost 
equal to the impressed E.M.F. Just 
enough current flows through the 
motor to overcome friction. If the 
armature slows down under load, the? 
the back E.M.F. falls and more cul 
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rent flows through the armature. 
Thus a motor adjusts itself to a vary- 
ing load. 

642. How should we start mo- 
tors? The resistance of a motor arma- 
ture is very low. For that reason, there 
is a sudden rush of current through a 
motor armature when current is turned 
on suddenly. Small motors have so 
little inertia that they come up to 
speed quickly. They can carry without 
injury the temporary overload that 
occurs before the armature is brought 
up to speed and develops a back 
E.M.F. The armatures of large motors 
come up to speed slowly, and they are 
likely to “burn out” if the full current 
is turned on without bringing the 
motor up to speed first. 

In starting large D.C. (direct cur- 
rent) motors, rheostats are generally 
used to protect the armature. Several 
coils of resistance wire are connected 
in series with the motor as shown in 
Fig. 711. As the speed of the motor 
increases, the resistance is cut out 
gradually. Fig. 711 shows a starting 
box which can be used to cut one coil 
after another out of the circuit by 
shoving the lever L to the right. The 
electromagnet holds the lever in place 
for full-speed operation. When the 
Switch is opened, no current flows 
through the electromagnet, and the 
lever is pulled to the left by a spring. 


Switch 


ve a: Resistance coils 
2 


Magnet 


Fig, 711, The starting box wiring for a series- 
Wound motor, 


Resistance coils 


Fig. 712. The starting box wiring for a shunt- 
wound motor. 


In starting a_shunt-wound motor, 
the resistance in the field is increased 
as the resistance in series with the 
armature is gradually reduced. In Fig. 
712, if the lever L is moved to the 
right, one coil after another is cut out 
of the armature circuit and added to 
the field circuit. Both of these opera- 
tions increase the amount of current 


Insulated handle 


Current 
enters 


ig. 713. If too much current flows through the 
a the iron core is pulled up into the coil. It 
Gi hits the release mechanism, and the spring 
throws the switch to the left to break the circuit. 
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flowing through the armature and thus 
increase the speed of the motor. 

643. What are circuit breakers? 
Sometimes an overload may decrease 
the speed of a motor suddenly. If that 
happens, a sudden rush of current 
through the armature may ruin it. To 
prevent injury, an automatic circuit 
breaker opens the circuit when such 
an overload occurs. If the operator on 
a trolley car or electric train cuts 
out resistance too rapidly when pick- 
ing up speed, an automatic breaker 
opens the circuit. The operator then 
throws in more resistance and closes 
the circuit again by means of a small 
lever, When too much current flows 
through the coil of Fig. 713, the iron 
core is pulled upward into the coil to 
release the catch and break the circuit. 

Underload circuit breakers are also 
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in use. A small electric generator 
driven by the engine of an automobile 
is used to charge the car’s storage 
battery. An underload circuit breaker 
is used to disconnect the storage 
battery from the generator until the 
voltage of the generator rises to such 
a point that it is greater than the back 
voltage of the battery. The battery 
voltage may be 6 volts or a little more, 
When the generator is operating fast 
enough to produce a voltage higher 
than this, the generator is automati- 
cally connected with the battery and 
begins to charge it. Thus the underload 
circuit’ breaker prevents the battery 
from discharging back through the 
generator. It breaks the circuit again 
when the engine slows down and the 
voltage falls below a predetermined 
value. 


4. The Transformer and Power i CENAE, 


644. How does a transformer 
operate? In its simplest form, shown 
in Fig. 714, the transformer consists 
of two coils wound around a core of 
thin iron sheets or laminations. A 
source of A.C. (alternating current) is 
connected to terminals of the primary 
winding AB. The alternating current, 
in rising to a maximum in one direction 
and then falling to zero, varies the 
strength of the magnetic field around 
the primary, and thus induces an 


ron core 


Fig. 714. A transformer has two or more coils 
wound about thin iron sheets, 


E.M.F. in the secondary. Then it 
rises to a maximum in the opposite 
direction and later drops to zero, thus 
inducing an opposite E.M.F. in the 
secondary. i 
The E.M.F.’s in the primary and in 
the secondary of a transformer have 
the same ratio as the relative number 
of turns of wire in the coils. For ex- 
ample, if there are 20 turns in the 
secondary for every turn in the pt 
mary, the E.M.F, in the secondary W 
be twenty times as high as that in the 
primary. Such a transformer connecte 
to 110 volts of A.C. will produce 4 
voltage of 2200 at the secondary. 
transformer which raises the voltag® 
in such a manner is called a slep-UP 
transformer. By reversing the primaly 
and secondary, we have a step-down 


transformer. For example, if 110 volts 
A.C, is connected to the secondary of 
the transformer just described, then 
the voltage in the primary is reduced 
to only 5.5 volts, a 20 to l step down. 

There is no gain in energy in a trans- 
former, because the amperage is re- 
duced as the voltage is increased. In a 
commercial transformer, the two coils 
are generally concentric. To secure 
better insulation and to absorb heat, 
the coils are submerged in oil. Enclosed 
in an iron box or case, the transformer 
is mounted on electric poles located in 
a fenced-in enclosure, or is placed in 
an underground compartment. Fig. 
715 shows the coils of a commercial 
transformer being lowered into the 
transformer housing. 

645. Why is alternating current 
used in power transmission? Be- 
cause one can change the voltage of an 
alternating current at will by means of 
a transformer, itis much cheaper to 
transmit electrical power by alternat- 
ing current than it is by direct current. 
Let us take one example. Suppose we 
wish to transmit 1200 kilowatts of 
electrical energy a distance of some 
100 miles. If it is to be transmitted at 
a potential of 12,000 volts, then 100 
amperes are required. (12,000 X 100 = 
1,200,000 watts, or 1200 kilowatts.) 
If the voltage were increased to 60,000 
then only 20 amperes of current would 
be required. Let us see how the heating 
effects would compare in the two cases, 
if we assume that the resistances of 
the transmission wires are the same. 
Transmitting at 100 amperes in one 
case, and at 20 amperes in a second 
tase, we find that the heating effects 
are proportional to (100)? and to (20)°. 
The ratio is 25:1. In other words, the 
heating effect is 25 times as great at 
100 amperes as at 20 amperes. More 


Courtesy of General Electric 


Fig, 715. The coils of a commercial transformer 
being lowered into their housing. 


energy is thus wasted in transmitting 
at low voltage (high current) than at 
high voltage (low current). 

High-voltage transmission means 
lower amperage, and thinner wires 
can be used for A.C. transmission 
lines than for high-current D.C. at 
lower voltage. 

The voltage of direct current cannot 
be varied by the use of resistance coils 
without tremendous losses. Hence, it 
is customary to use allernating current 
when electrical energy is to be trans- 
mitted long distances. The practice is 
to use an A.C. generator to produce 
current, step up the voltage by means 
of a transformer, and then transmit 
the energy at high voltage to some 
distant station. There it is stepped 
down to the voltage needed to operate 
it is to be 


the appliances for which 
used. Almost any arrangement can be 
utilized. One case, where alternating 


electricity is generated at 12,000 volts, 


516 


Step-up 
transformer 


|} 1 turn to 5 


uo 


12,000 volts 


WUN 


1200 kw. 


60,000 volts 


CURRENT ELECTRICITY 


Step-down 
transformer 


6000 volts 


10 
t 


1200 kw. 


Fig. 716, A diagram to show how alternating current can be transmitted, 


stepped up to 60,000 volts, trans- 
mitted, and then stepped down to 
6,000 volts, is shown in Fig. 716. An- 
other transformer may be used to re- 
duce the voltage to any desired amount. 

A small town that operates its own 
power plant generally produces alter- 


nating current at 2200 voits. It is 
stepped down to about 110-120 volts 
by transformers mounted on poles be- 
fore it enters houses or other build- 
ings. Small transformers are used for 
ringing doorbells. They step down the 
house circuit voltage to about 10 volts. 


5. The Telephone 


nee I i- i 2 d 

Courtesy of the Bell Telephone Laboratories, Inc. 
Fig. 717. Alexander Graham Bell (1847-1 922) 
was an American scientist and inventor. He is 
generally considered the inventor of the prac- 


tical telephone, although his claims to it have 
been disputed. 


646. How does the telephone 
operate? The invention of the tele- 
phone is generally accredited to Alex- 
ander Graham Bell. (See Fig. 717.) 

The modern telephone uses a hand- 
set of the type shown in Fig. 718. This 
contains two important units, the 
transmitter and the receiver, mounted 
in a plastic handle to fit the ear and 
mouth. For better illustration pur- 
poses, the two units are shown sepa 
rately in Fig. 719 in a simple circult 
for classroom demonstration. A crose 
section view of a transmitter, or micro- 
phone, is shown in Fig. 720. It consists 
of a small box filled with particles 0 
granular carbon. The back of the box 
is a fixed carbon plate attached to one 
terminal of a battery in series with the 
primary of a small transformer coil. 
The front of the box is a plate attache 
to the vibrating diaphragm, which 18 
connected with the other terminal 
the transformer primary. Wher a 
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Fig. 718. The modern telephone handset cut away to show its parts. 


sound wave condensation presses the 
carbon particles closer together, they 
touch together at more points and the 
total resistance becomes less, hence 
more current flows through the pri- 
mary coil. This induces a higher voltage 
in the secondary. When a rarefaction 
occurs, the pressure on the carbon 
particles becomes less anda smaller 
current flows through the primary coil. 
The variation in the resistance of the 
carbon granules varies the strength of 
the primary current and at the same 
time produces corresponding varia- 
tions in the induced voltage of the 
secondary. 

All of the induced voltage variations 
of the secondary correspond elec- 
trically to the sounds picked up by 
the transmitter. To change them back 
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Fig. 720. Cross-section of a telephone trans- 
mitter and its circuit when connected to a 
transformer or induction coil. 


to sound waves is the job of the re- 
ceiver. The construction of a receiver 
is shown in Fig. 721, on page 518. 
647. How does the receiver work? 
Fine insulated wire is wound around 
the poles of the horseshoe magnet. A 


Diaphragm, 


Courtesy of the Bell Telephone Laboratories, Inc. 


Fis. 719, A simple one-way telephone circuit does not require a transformer or induction coil. 
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Fig. 721. Interior of a telephone receiver show- 
ing the magnet and coils. 

soft iron diaphragm is mounted so 
that it is near the poles of the magnet. 
When the voltage variations from the 
telephone line reach the coils they vary 
the magnetic field and that in turn 
causes the diaphragm to be attracted 
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ransmitter 
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and repelled to correspond. Its vibra- 
tion reproduces the sounds transmitted 
over the line from the microphone or 
transmitter. 

648. Complete telephone system. 
Fig. 722 shows a local-battery tele- 
phone system. Sometimes only one 
wire is used, the other being grounded 
as shown in the diagram. The use of 
two wires largely eliminates confusing 
noises from cross-circuits, however. 

On long-distance telephone lines, the 
current may be too weak to let us hear 
distinctly. Vacuum tubes, called re- 
peaters, are used to amplify the feeble 
current. 


Induction 
coil 


Transmitter f 


Fig. 722. A diagram of a local telephone system. Trace a call and a reply through the circuit. 


6. A.C. Circuits 


649. What does a condenser do? 
A.C, circuits are not the same as those 
for D.C. For example, in Chapter 22 
we studied the condenser and its 
ability to store electrons when con- 
nected to a source of direct voltage. 
Perhaps you felt a shock when you 
touched the terminals of the Leyden 
jar after it was disconnected from the 
battery. Because alternating voltage 
rises to a peak and then decreases on 
each alternation, it charges and dis- 
charges a condenser when applied to 


it. Electrons flow into the condenser 
when the voltage rises, and flow out 
of the condenser back to the generator 
when its output decreases. The net 
effect is that alternating current flows 
through the ammeter in the circuit of 
Fig. 723. Although the alternating 
current does not flow through the con- 
denser itself, it flows into it and out 
of it. 

The condenser is widely employed 
when starting A.C. motors, for filtering 
pulsating direct current so that the 
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Fig. 723. Current flows in and out of the con- 
denser from the generator. 


current is essentially constant at all 
times, and for bypassing resistances 
and other units in radio equipment so 
that direct current can flow through 
them readily but alternating current 
will flow around them. 

650. The resistance of a con- 
denser on D.C. The insulating mate- 
rial or dielectric between the plates of 
a condenser has a high resistance. The 
dielectric in most condensers, such as 
paper, mica and ceramic material, has 
a resistance of millions of ohms. The 
exact value depends upon the thickness 
of the material between the plates. Let 
us assume that the condenser in the 
circuit of Fig. 724 has a resistance of 
one million ohms. By applying Ohm’s 
law that we learned for D.C. circuits, 
the current flow is 100 + 1,000,000 or 
0.0001 ampere. 

*651. The condenser in an A.C, 
circuit. If a condenser is connected 
to a source of alternating current at 
100 volts, we find that the current is 
much higher than the value we found 
for the condenser in the D.C. circuit. 
The meter in the circuit of Fig. 725 
will show a reading of about 0.04 
ampere. The condenser is permitting 
more current to flow in the circuit than 


Fig. 724. After the condenser is charged, a very 
small amount of direct current flows through it. 


its D.C. resistance will allow. Some 
other property of the condenser must 
be involved. 

The charging and discharging action 
taking place in the circuit is dependent 
upon the capacity of the condenser. 
Just as in Chapter 22 when a D.C. 
charge on a condenser was discussed, 
the capacity of the condenser depends 
upon the area of the plates, the distance 
belween the plates, and the quality of 
the dielectric between the plates. Increas- 
ing the area of the plates of a given 
condenser increases the capacity. De- 
creasing the distance between the 
plates increases the capacity. Inserting 
a better dielectric between the plates 
increases the capacity. 

Although the unit of capacity is the 
farad, there are no condensers of this 
size in regular use. A one-farad con- 
denser would need to be the size of a 
room. Instead, one-millionth of a 
farad, the microfarad (abbreviated mf), 
is the usual unit used in electrical and 
radio work. Most of the condensers 
in a radio receiver are much smaller 
than a microfarad. Their capacity is 
only a few millionths of a microfarad, 
expressed as a few micromicrofarads 
and abbreviated mmf. 

The capacity of a condenser de- 
termines the opposition of that con- 
denser to the flow of alternating 
current. If the capacity is small, little 
current flows. If it is large, a high cur- 
rent flows. In the circuit of Fig. 725, 
a current of 0.04 ampere exists. If the 
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Fig. 725. The condenser lets more A.C. flow 
than the resistance would indicate. 
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condenser is ten times as large, or 10 
microfarads, ten times as much current 
flows, or 0.4 ampere. 

The opposition of the condenser to 
flow of alternating current is expressed 
in ohms, and is called capacilive re- 
actance. Its formula is 

if 159,000 | 


where f is the frequency in cycles, and 
c is the capacitance in mf. Using this 
formula, the condenser of Fig: 725 
159,000 
60x 1 


has a capacitive reactance of 


or 2650 ohms. 

Note that the frequency of the ap- 
plied alternating current is required 
in this equation. Solving some simple 
problems using different frequencies 
shows that the capacitive reactance 
increases if the generator produces a 
lower frequency, and decreases at 
higher frequencies. At 120 cycles, the 
one-microfarad condenser has a re- 
actance of half that at 60 cycles, or 
1325 ohms. At 240 cycles, it is 663 
ohms. This is the reason that 400-cycle 
power is used in airplanes instead of 
60-cycle power. At 400 cycles, the 
condenser can be about 4 the capacity 
required at 60 cycles for a given value 
of capacitive reactance. Smaller capac- 
ity means that a smaller physical size 
of condenser can be used to save space 
and weight in the airplane. 

652. What is an inductance? In 
Section 626 we studied the property 
of coils called self-induction. It is some- 
times called inductance. We learned 
that when there is a varying magnetic 
field in a coil, inductance opposes a 
change of current taking place. With 
A.C., however, the magnetic field is 
always changing with the current, so 
that inductance is always taking place 
when a coil is in an A.C, circuit. 
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The henry is the unit of inductance, 
A coil has an inductance of one henry 
when an inducing current varying at 
the rate of one ampere per second 
produces a counter E.M.F. of one 


volt. The most common type of in- 


ductance, having a value ranging 
from one to 20 henrys, is the iron-core 
“choke” coil found in many radio 
receivers. Smaller values are also found 
in-radio sets. Their values are given 
in millihenrys, which are thousandths 
of a henry, and in microhenrys, which 
are millionths of a henry. 

x653. Inductive reactance of a 
coil. We have seen that the back volt- 
age or counter E.M.F. of a coil offers 
opposition to the flow of A.C. The 
amount of opposition depends upon 
its inductance, and can be expressed 
in ohms for a given frequency just 
like capacitive reactance. The equa- 
tion for inductive reactance is 


X, = 2nfL, 


where f is again the frequency in cycles, 
and L is the inductance in henrys. 
For example, a one-henry coil has an 
inductive reactance of 376 ohms when 
connected to a 60-cycle source. Note 
that if the frequency is changed, the 
reactance value changes also, just as 
in the case of the condenser. 

654. Impedance. To compute the 
lotal_opposilion of a load circuit to 
the flow of alternating current it 1s 
necessary to consider and combine 
three factors — the resistance of the oi- 
cuil, the capacitive reactance, and t 
inductive reactance. The values of each 
of these cannot be added directly, be- 
cause the reactive effects are not taking 
place exactly alike relative to time. 
They can be combined, however, by 
use of the triangle shown in Fig. 726. 
Resistance and reactance form the 
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Fig. 726. How resistance and reactance are 
related to the impedance. 


sides, and impedance in ohms is the 
hypotenuse. A resistance of 4 ohms 
and a reactance of 3 ohms combine to 
form an impedance of 5 ohms. The 
formula which follows uses Z for repre- 
senting impedance, R for resistance 
and X for reactance. The two kinds 
of reactance are subtracted from one 
another to get the total reactance X 
in the formula, 


Z= VR +X.. 


655. Ohm’s law for alternating 
current. Impedance is substituted for 
resistance in using Ohm’s law for A.C. 
circuits. Thus, 


E 
I = 7 or current = ,_toliage 5 
Z impedance 


656. Using inductance practi- 
cally. The impedance that a coil 
Presents to alternating current pro- 
vides a convenient means of controlling 
current. Suppose a coil having a mov- 
able iron core has an impedance of 
240 ohms when the core is fully in- 
Serted in the coil. Its resistance is 
4 ohms. It is connected in the circuit 
of Fig. 727, in series with several lamps 
in parallel. With the core inserted, the 
inductance of the coil is high and the 
lamps are dimly lit, if at all, because 
of the high impedance. As the core is 
Withdrawn slowly from the coil, the 
lamps brighten to nearly full brilliance. 

he coil has decreased in inductance 
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Fig. 727. The inductance may be used to pro- 
vide smooth control for dimming lights. 
while the core was withdrawn and 
therefore lessened in reactance. When 
the core is completely out of the coil 
its inductance may be so low that its 
value of impedance approaches that 
of the D.C. resistance, or 4 ohms. 
Moving the core in and out provides 
a smooth control of lighting, such as 
would be useful in a theater for dra- 
matic effect. If rheostats were used for 
this purpose they would spark at the 
point of moving contact and dissipate 
considerable heat, and would not allow 
as smooth a control because only small 
steps of resistance could be provided. 

657. How can we calculate alter- 
nating current power? Because in- 
ductive reactance opposes the flow of 
current, it causes a retarding effect 
which makes the current in an A.C. 
circuit lag behind the E.M.F. Fig. 728 
illustrates both the voltage and am- 
perage curves of a circuit containing 
inductance. The current lags behind 


EMF. 
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Fig. 728. The current lags behind the voltage in 
a circuit containing inductance. 
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the voltage and does not reach its 
maximum so quickly. Capacitive re- 
actance produces the opposite effect, 
where the voltage lags behind the cur- 
rent. But the voltage and current 
reach maximum at the same time in a 
resistance. Because of these different 
effects it was necessary to use the 
triangle to find impedance. 

Because the current and voltage do 
not reach their maximum at the same 
time, alternating current power can- 
not be found by multiplying only volts 
and amperes, as was the case for direct 


7. Comparing 


658. The uses of A.C. and D.C. 
Direct current is used for heating, 
lighting, electroplating, charging stor- 
age batteries, electromagnets, and al- 
most any kind of electrical work. Its 
big disadvantage lies in the fact that 
there is no practical way to raise its 
voltage, and its voltage cannot be 
lowered without introducing resistance 
and wasting power. Alternating cur- 
rent cannot be used for electroplating 
or any kind of electrochemical work. 
It may be used for running motors, for 
heating, and for lighting. Its one great 
advantage is that its voltage may be 
easily changed using a transformer, and 
with little loss of energy. A.C. is used 
for long-distance transmission of elec- 
tricity for this reason. 

\659. How is A.C. changed to 
D.C.? In some places, only A.C. is 
available for electricity. In the pro- 
cesses where D.C. must be used, de- 
scribed in the last section, several con- 
verters can be used. A few of them 
are listed below: 

‘1. The motor-generator. This consists 
ofan A.C. motor and a D.C. generator, 
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current. We must multiply volts times 
amperes times some power faclor. The 
power factor varies with each circuit 
but it is always less than one and is 
expressed as a percentage. 

The apparent wattage (the product 
of volts and amperes) of an A.C. circuit 
is always more than the actual wattage 
when there is reactance present. If 
there is only resistance in the circuit, 
such as an incandescent lamp, the 
power factor is 100 per cent, or unity, 
and we can then multiply A.C. volts 
by A.C. amperes to get the true power. 


A.C. and D.C. 


both mounted on the same shaft, The. 
motor uses A.C. to turn the generator, 
and D.C. is drawn off the commutator 
of the generator. 

2.-The rotary converler, The arma- 
ture of the rotary converter takes cur- 
rent from an alternating current line 
by means of slip-rings. Such current 
turns the armature as a motor. Coils 
in a magnetic field are connected to a 
commutator mounted on the other end 
of the armature, and direct current 
from the commutator is fed to the ex- 
ternal circuit. 

(3. Dry-disk rectifier. Some metals 
can be treated to form an oxide sur- 
face or layer on one side that permits 
electric current to flow from the oxide 
to the metal, but not readily in the 
opposite direction. Such a device 
changes alternating current to direct 
current, hence it is a rectifier. Origi- 
nally made in a round shape, these 
were called dry-disk rectifiers. They 
are widely used in battery chargers, 
radio receivers and television sets 
convert A.C. to D.C. pam 

4. The electronic tube. This device 18 
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the heart of a radio set. In addition to 
the many things that it can do, the 
vacuum tube can change alternating 
current into uni-directional or direct 


current. Its action is discussed in the 
following chapter, in which we shall 
learn of many things that this tube 
can do, 


Summary 


An E.M.F. is induced in a conductor whenever the conductor and a 
magnetic field are moved with respect to one another. Electric genera- 
tors, induction coils, and transformers operate on this principle. 

The direction of an induced current is given by the right-hand rule: 
Let the extended forefinger of the right hand point in the direction of the 
lines of force; turn the hand so that the extended thumb points in the 
direction the conductor is moving; the middle finger, bent at right angles 
to both the thumb and forefinger, will then point in the direction of the 
induced current. 

Lenz’s law states that an induced current set up in a moving conductor 
always flows in such a direction that it forms a magnetic field which 
opposes the motion of the conductor. 

An electric motor consists of a field magnet and an armature. The 
armature is so supplied with electricity that its poles become alternately 
N and S to be continually attracted and repelled by the poles of the 
field. A motor when running also acts as a generator and produces a 
back E.M.F. t 

Ohm’s law does not apply directly to alternating currents, since they 
are influenced so much by reactance. Alternating currents may be con- 
verted into direct currents by motor-generators, rotary converters, dry- 


disk rectifiers, or by electronic tubes. 
How many of the following terms can you define or explain? 


nduced E.M.F. Slip-rings Series-wound 

aE current Brushes 5 naa 
2 il Magneto 
pen Transformer Left-hand rule 
Right-hand rule Reactance Induction mo 
Lenz’s law Choke coil Back ra 
Self-induction Generator Circuit breaker 
Field magnet Exciter Transmitter 
Armature Rotor hae 
Alternating current Stator i ah andl 
Direct current Commutator s es 
Cycle Compound-woun' 
QUESTIONS 


_ 1. What is the difference between an 
induced E.M.F. and an induced current? 

2. In what ways can an induced E.M.F. 
increased? 


3. What is the difference between direct 


and alternating current? i 
4. Why can an alternating current 


generator never be self-exciting? 
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5. Explain how the armature of an 
electric motor is made to turn continuously. 

6. What is meant by back E.M.F.? 
How is it induced in electric motors? 

7. How can a storage battery be charged 
by using alternating current? 

8. Why must a commutator be used to 
take the induced current from the revolving 
loop in a D.C. generator? Why must slip- 
rings be used on A.C. generators? 

9. Describe how a shunt-wound motor 
should be started to prevent overloading 
the armature before it comes up to speed. 

10. Describe how a series-wound motor 
should be started. Why is the resistance 
placed in series with the field and with the 
armature? 

11. Some household devices operated by 
electric motors may be used on either 
alternating current or direct current. What 
type of motor is used, series-wound or 
shunt-wound? 
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12. What are the advantages of alter- 
nating current? What are the advantages 
of direct current? 

13. What device is used to increase the 
voltage of a direct current? How’ is the 
voltage of an alternating current changed? 

14. Why is oil used to surround the coils 
in large transformers? 

15. Explain how an 
operates. 

16. How does an electromagnet in a 
direct current. circuit produce self-induc- 
tion? 

17. Tell how sound waves entering a 
telephone transmitter are reproduced by 
the receiver at the other end of the line. 

18. Explain the operation of a trans- 
former. 

19. In what ways may alternating cur- 
rent be rectified? 

20. What is capacitive reactance? What 
is inductive reactance? 


induction coil 


PROBLEMS 


we 

1. An electric clock uses 2 watts. At the 
rate of 4 cents per kilowatt-hour, how 
much will it cost to operate this clock for a 
30-day month? 

2. What will be the cost of operating 
an electric fan for 5 hours at 3 cents per 
kilowatt-hour? The fan uses 1 ampere of 
current on a 110-volt D.C. line. 

3. A 110-volt A.C. motor operates with 
a power factor of 0.9. If it actually con- 
sumes 200 watts, what current is used? 

4. A motor operating on 110 volts, D.C., 


Group A 


develops a back E.M.F. of 90 volts. If the 
resistance of the armature is 5.ohms, how 
many amperes of current will flow through 
the motor? 

5. A bell transformer steps voltage down 
from 110 to 10 volts. If there are 550 turns 
in the primary coil, how many must there 
be in the secondary coil? 

6. An electric motor draws 10 amperes 
of current on a 220-volt D.C. circuit. If 
the back E.M.F. is 180 volts, what is the 
resistance? 


Group B 


7. A vacuum cleaner consumes 250 
watts. If used on a 110-volt D.C. line, 
what current is used? What is the resistance 
of the motor? 

8. A step-down transformer reduces 
voltage from 2200 volts to 110 volts. What 
amperage must be furnished to the primary 
in order that 500 amperes may be with- 
drawn from the secondary? 

9. The back E.M.F. of a motor oper- 
ated on a 110-volt D.C. circuit is 80 volts. 
If the resistance is 6 ohms, what current is 
consumed? How many watts of power does 


the motor use? What will be the cost of 
operating this motor for 10 hours at 3 cents 
per kilowatt-hour? 

10. What is the inductive reactance of 
a coil with an inductance of 500 millihenries, 
if the frequency is 120 cycles per second? 

11. On a 240-cycle line, calculate the 
capacitive reactance of a condenser whose 
capacity is 0.5 mf. 

12. Find the reactance of a 220-volt AC. 
motor which consumes 2 kilowatts with a 
power factor of 0.9. The resistance of the 
motor is 15 ohms. 
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N THE YEAR 1890, PHYSICISTS WERE VERY SELF-SATISFIED. 

They believed that they had completely investigated all 
the fields where physical changes occurred. All they now 
had to do was to refine their measurements to another 
decimal place or so. There was nothing further to look for- 
ward to in physics, so they thought. 

But then in rapid succession came startling developments! 
Cathode rays were shown to be electrons — building blocks 
common to all types of atoms. X rays that penetrated 
opaque materials to affect photographic plates were dis- 
covered. Radioactivity proved that the transmutations 
dreamed of by medieval philosophers really happened. An 
entirely new field of physics lay ahead! 

In the early part of this century both physicists and chem- 
ists contributed discoveries which gave us a new conception 
of the structure of matter. No longer were atoms indivisible 
particles; they were complex “solar systems.” New particles 
were discovered within the atom. They were the electron, 
the proton, and the neutron. Some atoms were so complex 
and unstable that from time to time they ejected some 
of these particles. These were radioactive elements. The 
ejected particles made ideal bullets to fire at other atoms. 

But man was not satisfied with the strength of the bullets 
thrown off by unstable atoms during their disintegration. 
He needed more powerful bullets. So the nineteen-thirties 
saw the development in the United States of the Van de 
Graaff generator and the cyclotron, the high-powered atomic 
guns. With these, scientists made forms of elements that 
had never before existed naturally. ee of these are being 
use in valuable medical research. i f 

ay ene though, was the research being poe 
out in Italy. Enrico Fermi succeeded in making a new ete- 


ment, now called neptunium, by bombarding uranium, ele- 
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ment 92, with neutrons. A little later, in Germany, Hahn 
and Meitner showed that uranium atoms could also be split 
by bombardment with these same neutrons. Uranium is 
made up of at least three isotopes. These have the same 
chemical properties, but differ very slightly in their weight. 
The isotope having the weight of 238 will be transmuted 
into neptunium when bombarded with neutrons. The isotope 
having the weight of 235 will split, when bombarded with 
neutrons, giving out tremendous quantities of energy, and 
more neutrons to continue the reaction. The isotope having 
a weight of 234 occurs in almost negligible quantities. It was 
later found that neptunium will spontaneously disintegrate 
into another new element, number 94, called plutonium. 
Plutonium also has the property of splitting into two large 
fragments, giving out neutrons to continue the reaction, and 
releasing great energy. Plutonium and uranium-235 were 
both used in atomic bombs. Research is being conducted 
now to develop nuclear energy for industrial purposes. 

Electronics, another new field of physics, is’ based on the 
flow of electrons through a vacuum or gaseous space inside 
a tube. Anything using tubes is therefore electronic. Radio 
and television are the big twin wonders of electronics. We 
can see and hear events that are occurring miles away, even 
in full natural color. 

Electronic equipment is extending our human senses in 
more amazing ways, too. With X-ray apparatus we can see 
right through solid objects. With the electron microscope 
we can see things many times smaller than are visible with 
an optical instrument. Radar detects objects several hun- 
dred miles away, even in darkness or fog. Electronic tubes 
can inspect and automatically control manufacturing proc- 
esses for us. We are quite truly in an era of electronics. 
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Unit Eleven 
Chapter 27 


Electronics — Radio — Television — X Rays 


1. How Electronic Tubes Work 


660. What was the first elec- 
tronic tube? The most important 
unit in all electronic equipment is 
the vacuum tube, which someone has 


called “a glass bulb containing noth- 


ing, out of which great things come.” 
This modern Aladdin’s lamp got its 
start in 1883 while Edison was develop- 
ing the incandescent lamp. He ob- 
served that many of the lamps burned 
out at the end of the red-hot filament. 
In seeking to correct this condition, 
one of the things he tried was a metal 
plate sealed inside the bulb and con- 
nected to a battery and ammeter as in 
Fig. 729. The meter pointer flipped 
up-scale, showing that the current was 
flowing through the vacuum. Edison 
knew this had to be so, because the 
meter would read only if current was 
flowing around a complete electric 
circuit, The vacuum between filament 
and plate was in this circuit, so some- 
how the current was getting across 
the space. 

Becoming interested in this amazing 
phenomenon, Edison reversed the bat- 
tery polarity. The meter reading 


Electron flow 
through vacuum 4 


, Electron flow 


Hot / through circuit 


filament 


Fig. 729. Electrons will flow from the filament 
to the plate as shown when the plate is positive, 
but not when it is negative. 


dropped to zero. He could only make 
the current flow through the vacuum 
when the plate was positive. But 
further experimentation showed that 
this action did not improve the life 
of his lamp in any way, so he lost 
interest and went on to other ways of 
perfecting the lamp. 

661. Fleming found a use for 
Edison’s tube. What Edison had dis- 
ed was the forerunner of the two- 


cover 
more often 


electrode vacuum tube, 


Vocabulary TAIT a 


Execrrons, one kind of particle of which 
matter is composed. They have a mass 
of about yaro of a hydrogen atom. 

X rays, invisible electromagnetic radiations 
of great penetrating power. 

Diop, an electronic tube containing & 
cathode and a plate. It can be used as a 
rectifier. 


Triope, an electronic tube containing & 
cathode, a plate, and a grid. 

Ameuirien, a device for increasing the energy 
of electrical signals. 

Derecror, a device for rectifying alternating 
current radio signals. 

Oscmnraror, a device for generating high 


frequency electrical signals. 
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Courtesy of GE 


Fig. 730. Heat boils electrons out of the cathode just as it drives steam out of a kettle. 


called simply a diode. But it remained 
merely the “Edison effect” for some 
twenty years. Other scientists tried it, 
wondered of what use it could be, and 
one by one concluded it was just a 
scientific curiosity. Not until about 
1903 did J. A. Fleming in England 
*come up with the answer. Spurred by 
the need for a one-way valve to detect 
or rectify alternating radio signals that 
were just coming into use, Fleming 
hooked up a diode to a receiving 
antenna. It worked. When the signal 
voltage increased in one direction — 
the direction that made the plate 
positive — the signal got through. 
When the signal voltage increased in 
the other direction on the next half of 
its alternating-current cycle, it was 
blocked by the tube. This was recti- 
fication or detection, which gave the 


kind of D.C. signal needed to operate 
headphones. This first tube was called 
the Fleming valve, and today the 
British still call all their tubes valves. 

662, What are good sources of 
electrons? In order for any electronic 
tube to work, it must have a source of 
electrons called the cathode. The com- 
monest method of producing electrons 
is by using heat to boil them out of 
metal. This is called thermionic emis- 
sion, and was used by both Edison 
and Fleming. When a thin tungsten 
wire is heated red-hot by passing cur- 
rent through it, the free electrons m 
the wire are activated so much that 
they break through the surface tension 
of the metal wire and fly off into space. 
Fig. 730 illustrates this action at the 
cathode. 

Electrons can also be made to comè 
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out of certain materials by the appli- Discharge occurs through 
tube when air is removed 


cation of light, commonly called the 

| pholoelectric effect. Tubes using this 
| effect are called phololubes. They come 
| in many sizes and shapes, one of which 
| is shown in Fig. 731. X 
| Electrons can be pulled right out of Induction 
a metal cathode by a high voltage in colt A Ht 
a vacuum or even in air. A few types š 
of tubes use a cold cathode like this, GIETSTLA Wick voltase Hued here to pull 
since no separate source of power iS electrons out of metal. Both the spark and the 
needed for heating purposes. An ex- discharge through the tube are streams of 
ample of electrons being pulled out of electrons. 
cold metal is the induction coil and they hit, just as a bullet knocks chips 
spark gap in Fig. 732. With the tube out of a concrete wall. This process 
removed, the high voltage between is called secondary emission. Itis un- 
metal points A and B will cause elec- desirable in most tubes but is used to 
trons to be pulled out of the point good advantage in newly developed 
that is negative at the moment. These phototubes and in some television 
electrons will travel the short distance camera tubes. 
through air to the other point, which 663. Heaters for cathodes. In 
is positive. When the evacuated tube some tubes, particularly those used 
is connected, the same action occurs in battery-operated portable radios, 
but over a much longer gap between the heated filament itself gives off the 
A’ and B’ because electrons travel electrons, just as in Edison’s lamp. 
much more readily through a vacuum This is shown at A in Fig. 733, and the 
than through air. corresponding filament symbol used 

Electrons traveling at high speed inside the tube circle on diagrams ap- 


toward a positive plate can knock pears at A’. More common, however, 


other electrons out of the plate when is the indirectly heated type of cathode 
shown at B. The source of heat here 


is a coiled filament of tungsten wire 
meter called the heater, inside a spaghetti- ` 


plate to attract 7 3 
emitted electrons like ceramic rod. Around the ceramic 


Spark takes short 
air gap 


a 


is a metal sleeve covered with a coat- 
rome Light-sensitive Oxide 
cathode gives coating on 
off electrons cathode 
when light Filament Sleeve, Cathode 
hits it Filament symbol \ \ symbol ! 


B B' 
d cathode constructions 


U iH + l. 
- ~--> Only two pins of base by 
Ue are connected; others A i: 
aredummies 

i t an 
Fis. 731, Only light is needed to drive electrons Ey Pe 
Sut of the cathode of this phototube. a 


Courtesy of the Sonotone Corp. 


Hg: 734. A subminiature tube used in hearing 
aids, 


ing of the oxides of rare-earth elements. 
When heated by the heater element 
inside, this oxide coating gives off 
electrons much more efficiently than a 
bare wire itself. The cathode has its 
own lead in these heater-type tubes, 
and ordinarily is not even connected 
to the heating-current leads. This 
cathode symbol is shown at B’. 

664. What kinds of enyelopes are 
used for tubes? Early tubes used 
glass bulbs or envelopes like those of 
lamps. Electrode leads were brought 
out through the glass to metal pins 
molded into a plastic base. Connec- 
tions were made to the tube through 
a socket into which the tube was 
plugged. Most tubes are still made in 
essentially this same way today but 
some have a metal envelope instead 
of glass. The trend now is to leave off 
the base and let the leads serve as pins 
that plug into a socket. In some of the 
newer subminiature tubes, like that 
in Fig. 734, the leads themselves are 
often soldered directly to circuit ter- 


minals. An example of such direct sol- 
dering is in the proximity fuse for shells 
and bombs, where there is no need to 
be able to replace the tubes because 
they all get blown up a few seconds 
after they are turned on. The proximity 
fuse is used in artillery shells and in 
bombs to set off the explosive when the 
missile reaches the most effective dis- 
tance from the target for maximum 
damage. The fuse contains four or 
more of these tiny tubes in a special 
type of radio circuit that reacts to the 
presence or proximity of an airplane 
or other target. This fuse sets itself off 
when close enough to the object, even 
if not aimed well enough for a direct 
hit. 

665. How gas-filled divdes work. 
After all the air is pumped out of 
a tube, a small amount of gas is some- 
times admitted before sealing off. 
Mercury vapor, argon, neon, helium 
and xenon are some of the gases used 
in electronic tubes. The molecules of 
gas, being thousands of times larger 
than electrons, get in the way of elec- 
trons traveling at high speed from 
cathode to plate, and cause collisions. 
At each collision, the electron splits 
the gas molecule into two parts called 
ions, one of which is positive and the 
other negative. The negative ion, 
usually just an electron, travels on to 
the plate along with the first electron, 
to give increased current. More im- 
portant, however, is the positive 100. 
Since unlike charges attract and the 
cathode is negative, the positive 100 
travels backward to the cathode and 
helps make more electrons come out. 
Here is how this occurs: 

Electrons boiled out of a cathode 
do not immediately flash over to the 
plate. Instead, they hover just outside 
the cathode to form a highly negative 
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space charge that repels other elec- 
trons which might be trying to break 
out of the cathode. The positive ions 
crash into these electrons and break up 
the gathering, combining with some 
of them to form gas molecules again. 
This ionizing action and the resulting 
recombination of molecules result in 
a visible glow not seen in high-vacuum 
tubes. The gas also serves to lower the 
effective resistance of the path in space 
between the cathode and the plate, so 
that much more current can be passed 
by the tube. 

666. How do Tungar rectifiers 
charge storage batteries? One com- 
mon example of a gas-filled diode is 
the Tungar rectifier used for charging 
storage batteries from an A.C. power 
line. Argon gas is used in the tube. A 
transformer lowers the A.C. power line 
voltage to the correct value. The cir- 
cuit is shown in Fig. 735. On the half- 
cycle when point A on the secondary 
of the transformer is positive, the 
plate (also called the anode) is also 
positive, and point B and the cathode 
are negative. This is the required con- 
dition for electron flow through the 
tube. The complete path is from cath- 


=<—— Electron flow 


Cathode -~ 


To heating 
voltage 
source 


= Storage 
= battery 


Transformer 


t+ 


im Primary 


Fig, 735. The basic circuit of a Tungar diode 
Used for charging storage batteries. 


ode to anode, through the variable 
resistance that controls charging rate, 
through the storage battery to point 
A, through the secondary to point B 
and through one lead to the cathode. 
Heating current for the cathode is 
provided by a third winding on the 
transformer. 

When the polarity of the secondary 
winding reverses on the next half- 
cycle of the A.C. power line, the anode 
becomes negative and repels electrons, 
so there is no electron flow through the 
tube. This entire process is repeated 
for each succeeding cycle, so that cur- 
rent is forced through the battery only 
in the correct direction for charging it. 
The action is illustrated in Fig. 736, 
which shows the A.C. voltage wave- 
form for the secondary of the trans- 
former and the resulting current pulses 
through the charging circuit. These 
curves apply to all diodes. 

667. Getting useful light from 
gas tubes. A neon sign is a stretched- 
out gas-filled diode having an A.C. 
yoltage of about 10,000 volts applied 
between its two electrodes, as in Fig. 
737. Each electrode acts as a cathode 
on one-half of each A.C. cycle and as 
anode on the other alternation. The 
high voltage pulls the electrons out of 
the cold cathode. Since there is no 
heater, this is sometimes called cold- 
cathode lighting. The amount of gas 
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Current 


F 
Fig. 736. A dio 


current to pass W! 
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de allows a pulsating direct 
hen an alternating voltage is 
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Electrode 


Glass tube 
containing neon gas 


& 
Electrode 


Fig. 737. Neon signs operate from high-voltage 
transformers. The glow is produced by electrons 
combining with the gas ions inside the tubing. 


in the tube is such as to give a glow 
throughout the entire length of tubing. 
Neon gas gives a red glow. Mercury 
vapor in blue glass gives blue. Mer- 
cury vapor in yellow glass tubing gives 
green. Helium gives a yellow-white 
color. Each other gas has its own 
characteristic color, produced when 
the positive ions of gas combine with 
electrons to replace those knocked out 
by collision. 

668. What makes fluorescent 
lamps flicker? Another example of 
electronic lighting, as you will recall, 
is the fluorescent lamp in Fig. 738. 
This differs from neon tubing in two 
ways. It has a heater to supply elec- 
trons for starting, hence operates on 
much lower voltage. Also, it has a 
coating of fluorescent material inside 
the tube to produce white light, as 
required for illumination. Once ion 
formation by collision has started, 
enough slow-moving ions are stuck in 


Inside of tube coated 
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the space between the electrodes to 
start action again after the line voltage 
has reversed its polarity each half- 
cycle. The filament is thus needed only 
when the lamp is first turned on, To 
conserve filament life, a starter switch 
is therefore used to disconnect the 
filament as soon as the light comes on, 
You can hear these starters clicking 
on and off when you turn ona fluores- 
cent lamp. Lamps can go out between 
half-cycles when cold, particularly if 
old, hence the starter may have to turn 
on the filament several times to get 
the ions hot. 

The light that you see from a fluores- 
cent lamp is not the glow of the gas 
inside, but instead is the characteristic 
glow of the fluorescent chemicals in 
the coating inside the glass. These 
chemicals glow when illuminated by 
ultraviolet light from the ionized mer- 
cury vapor inside the tube. Colored 
glows for decorative purposes are ob- 
tained by changing the chemicals. New 
and brighter colors are being obtained 
from neon tubing also by using 
fluorescent coatings inside. 

Sun lamps for producing a healthy 
tan are essentially fluorescent lamps 
without the fluorescent coating. The 
resulting ultraviolet light is harmful 
to the eyes, and should be viewed 
only through protective goggles. , 

A typical fluorescent lamp circuit 
is given in Fig. 739. A small power 


with fluorescent material 


Space filled with a 
rare gas and 
mercury vapor 


Base pins 


F ` 
Heater 


Fig. 738. How a fluorescent lamp is constructed. 
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Heater | Heater 


115-volt 
AC line 


7 
Switch in“ 
starter 
Fig. 739. One type of fluorescent lamp circuit. 


transformer steps up the line voltage 
slightly. Iron-core choke coil Lı limits 
the lamp current to a safe value, since 
the lamp alone would act practically 
as a short-circuit across the trans- 
former once ionization started. Usu- 
ally the transformer and choke are 
combined in one unit called a ballast. 
Condenser C is not essential to get 
light, but serves to make the circuit 
act more like a resistance than an 
inductance, thereby improving the 
power factor. When two lamps are 
used together, the power factor is 
corrected to 95 percent or better and 
flicker effects due to the rise and fall 
of the alternating current in each cycle 
are practically eliminated. 

669. How can we make electrons 
move in tubes? The two methods 
of making electrons go where we want 
them to are with an electrostatic field 
and with a magnetic field. Both ways 


Hot cathode 
emits electrons - 


Fig. 740. The meters show th 


attracts electrons. 
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emits electrons 


at current flows only when the pla 
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are widely used in electronic tubes. 

An electrostatic field is produced by 
applying voltage between electrodes, 
as you have already learned. This 
action is reviewed in Fig. 740 for a 
diode vacuum tube. The voltage may 
be obtained from a battery or any 
other D.C. source. When the plate or 
anode is made negative with respect 
to the cathode, the electrons that are 
boiled out simply turn around and go 
right back. 

The action of a magnetic field on 
electrons is illustrated in Fig. 741, 
which shows a tube made especially 
for demonstrating this phenomenon. 
When a high D.C. voltage is applied 
between the electrodes at the ends with 
the polarity shown, electrons are pulled 
out of the negative electrode (cathode) 
by the voltage. A mask with a small 
hole in the center forms these electrons 
into a beam, and a surface coated with 
fluorescent material shows the path 
that this electron beam takes from the 
mask to the anode. Without the mag- 
net, the beam goes straight across to 
the anode. Incidentally, beams of 
electrons were first called cathode rays 
because they came out of the cathode. 
Tubes using electron beams are still 
called cathode-ray tubes, even though 


_-L Negative plate 
repels electrons. 
No current flows. 


te is positive. 
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Cathode rays are 
deflected by magnet 
/ 


Fig. 741. An electron beam is deflected by 
bringing a magnet near it. 


we now know that the rays are really 
electrons. 

When a magnet is brought near the 
tube in Fig. 741, the beam is bent, and 
its new curved path shows clearly on 
the fluorescent screen inside. Either a 
permanent magnet or an electromag- 
net will have the same action. Use of 
electromagnet coils for this purpose is 
illustrated in Fig. 742, which shows 
how the electron beam is moved up and 
down on the screen of a modern tele- 
vision picture tube. Similar coils 
above and below the neck of the tube 
would deflect the beam from side to 
side. 

The direction in which an electron 
beam is bent depends on two things — 
the direction of electron flow and the 
direction of the magnetic lines of force. 
The variation of the familiar right- 
hand rule in Fig. 743 is an easy way 
of finding out which way the beam will 
bend. 


Direction of 
magnetic lines 


deflecting coils 


Electron 
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Direction in which 
electron beam 
will bend 


lines of force 


Direction of 
electron flow 


Fig. 743. The right-hand rule for determining the 
way an electron beam will be deflected. Try it 
on Fig. 742. 


670. The most famous tube of 
all — DeForest’s triode. Though di- 
odes are useful in rectifying alternating 
current and producing light, they 
would not alone have made radio and 
all the newer electronic developments 
possible. What was needed was a way 
of boosting the strength of weak radio 
signals. In 1906 Lee DeForest achieved 
this amplifying aclion by placing an- 
other electrode between the cathode 
and the plate. Since this made three 
electrodes in all, the new tube was 
called a triode, The new electrode was 
a winding or grid of fine wire, hence 
it was called the grid. The first De- 
Forest triode is shown in Fig. 744, 
and construction of a modern version 
is shown in Fig. 745. 

The addition of the grid immensely 


—- Bright spot appears 
on screen where 
beam hits it 


_L- Fluorescent coating 
inside entire end of 
tube forms screen 


Fig. 742. Coils deflect the electron beam in a television picture tube. 
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increases the uses to which vacuum 
tubes can be put. The grid provides 
an easy way of controlling the electron 
flow from cathode to plate. All we need 
to do is vary the polarity and strength 
of the voltage that is applied between 
the grid and cathode to vary the charge 
on the grid, as in Fig. 746. 


Heater inside 
ceramic tube 


~Anode (plate) 
Grid wires 
Heater leads 


\|----- Glass envelope 


Key for aligning 
tube in socket 


Fig. 745, The constuction of a modem glass- 
Snvelope triode. 
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When the grid is positive, it actually 
helps to pull electrons from the cathode 
toward the plate. Some electrons will 
land on the grid, but because of its open 
construction and the much stronger 
charge on the plate, most of the elec- 
trons will pass between the turns of 
the grid and go on to the plate. 

When the grid is negative, it repels 
the electrons back to the cathode. No 
current flows then. Even with the 
plate highly positive, it takes only a 
small negative charge on the grid to 
block the electrons, because the grid 
is so much closer to the cathode, 

671. How the grid controls plate 
current. The graph in Fig. 747 gives 
a better picture of what happens to 
plate current in a triode when we vary 
the grid voltage. When the grid voltage 
is highly negative as at point a, plate 
current is zero because all electrons 
are blocked by the grid. As the nega- 
tive charge on the grid is reduced, we 
reach a point, marked b, where a few 
electrons can get through the grid 
wires to form a small plate current. 
Reducing grid voltage still more now 
makes plate current increase rapidly 
as at cand d. When the grid voltage is 
zero, Which means that it is the same 
voltage as the cathode, plate current 
is high just as if the grid were not 
there, as at point e. Increasing the 
yoltage in a positive direction now 
makes plate current g0 higher than 
for a diode because the grid is pulling 
electrons out, too. But there is a taper- 
ing-off effect, and at point f the plate 
current reaches maximum. Further in- 
creases in positive grid voltage then 
have no effect on plate current. 

672. How can we amplify with- 
out distorting? To increase voltages, 
the portion of the plate current curve 
that we use most often is the section 
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Fig. 746. How the grid controls the flow of electrons to the plate in a triode. 


between c and d in Fig. 747. In this 
straight-line region we can amplify 
without changing the characteristics 
of the weak signal coming in. Since 
the voltage to be increased is alter- 
nating voltage as a rule, we try to 
operate halfway between points c and 
d, along the linear portion of the curve. 
Then positive swings will not swing 
up beyond d where the curvature can 
cause distortion, and negative swings 
will not go beyond c where curvature 
again exists to cause distortion. To 
achieve this ideal condition, the grid 
is operated with a small constant 
negative charge called the grid bias 
voltage. On this fixed charge are super- 


Plate current 


-04 
Grid voltage 


Fig. 747. How plate current through a triode 
changes when the grid voltage is varied, 


imposed the feeble signal variations 
that are to be amplified. 

*673. What is grid bias? A typical 
triode amplifier circuit is shown in 
Fig. 748. Note the use of the dotted- 
line symbol to represent the grid in 
the tube circle. The A battery provides 
the current for the heater. The B 
battery supplies the plate voltage 
that places the positive charge on the 
plate. It connects between cathode and 
plate, not just to the plate. This is 
essential to make the plate positive 
with respect to the cathode. 

The third battery, placed in the grid 
circuit to make the grid slightly nega- 
tive with respect to the cathode, is 
called the C battery. Sometimes for 
this reason the grid bias voltage 18 
called the C bias. With these three 
voltages, the triode is capable of boost- 
ing the strength of a weak input signal, 
so that a much stronger signal is sent 
to the load in the plate or output 
circuit. This output signal has exactly 
the same waveform as the input signal, 
as we get amplification without dis- 
tortion when the linear part of the 
plate current curve is used. 

674. Using a triode as a detector 
By deliberately operating a triode 0n 
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Fig. 748. Triode amplifier circuit, with batteries serving as voltage sources, 


the curved part of its plate current 
curve, such as at point b in Fig. 747, 
we can get both rectifying and ampli- 
fying action out of one tube. This is 
a highly useful characteristic for de- 
tecting weak radio signals. Each half- 
cycle of the input signal that swings 
in the positive direction up the curve 
gets amplified, and alternate half-cycles 
that swing in the other direction have 
no effect because plate current is al- 
ready zero at b and can go no smaller. 
We will learn later that this resulting 
pulsating direct current can easily be 
amplified still more as an audio signal 
and then converted into sound waves 
that can be heard. 

*675. Using a triode as an oscil- 
lator. If a triode is connected into an 
amplifier circuit so its plate is coupled 
back to the grid inductively or through 
a condenser, oscillation will take place. 
This means that the circuit itself will 
produce alternating current at a fre- 
quency determined primarily by the 
sizes of the coils and condensers in the 
circuits. One example of such an oscil- 
lator circuit is given in Fig. 749. By 
adjusting the tuning condenser, the 
frequency of the oscillation can be 
changed. This type of oscillator has 
been widely used in superheterodyne 
radio and television receivers. 

*676. Why crystal oscillators 
don’t drift. Another widely used triode 


oscillator circuit, shown in Fig. 750, 
uses a carefully ground quartz crystal 
in the grid circuit. This crystal has the 
property of vibrating at a definite 
rate and generating a definite fre- 
quency of A.C. voltage when used in 
this circuit. The frequency is related 
to the thickness of the crystal slab; 
the thinner the slab, the higher the 
frequency. By using special techniques 
crystals have been ground as thin as 
paper, to produce frequencies as high 
as 100,000,000 cycles per second, 

A crystal oscillator has the ability 
to maintain a constant frequency, 
whereas other types of oscillator cir- 
cuits may drift or vary in frequency. 
For this reason, crystal oscillators are 
extensively used in broadcast, com- 
mercial and amateur radio trans- 
mitters, as well as in television trans- 
mitters and other precise electronic 
ipment requiring a constant fre- 


equi 8 
quency. A natural quartz crystal is 


Feedback coil 


Fig. 749. A simple triode oscillator circuit. 
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Fig. 750, A crystal oscillator circuit that is used in transmitters. 


shown in Fig. 751, and a finished slab 
in Fig. 752. 

*677. Using crystals in place of 
tubes. One relic of radio’s younger 
days that can still be found in radio 
stores is the crystal detector, used in 
crystal receivers to rectify the incom- 
ing radio signal. An adjustable sharp- 
pointed wire called a catwhisker was 
generally provided for finding a sensi- 
tive rectifying spot on the silicon or 
galena mineral crystal. Although this 
early crystal detector was replaced by 
diodes and triodes in commercial 
receivers, we now have improved ver- 
sions coming back into use. These 
look like a small resistor, and require 


Fig. 751. Natural quartz crystal as it is found in 
Brazil. 


no adjusting since the catwhisker is 
fixed and welded at a good spot, Some 
still use silicon, but most are now 
using germanium crystals. Examples 
of crystal diodes are shown in Fig. 753. 

In recent years, it was found that 
amplifying action was obtained by 
placing another catwhisker close to 
the first, to give what is known as a 
crystal triode amplifier, or transistor. 
Adding still another whisker gives a 
crystal tetrode that can mix two sig- 
nals together at the same time that it 
amplifies them, like a four-electrode or 
tetrode vacuum tube. Just as with 
tubes, voltages are needed to get ampli- 
fying action from crystals. A typical 
crystal tetrode and an example of a 
transistor circuit are given in Fig. 754. 

678. Other types of tubes. There 
are many more complex types of radio 
tubes besides the diodes and triodes 
already covered, but we need take up 
only a few of them in order to under- 
stand how radio and television trans- 
mitters and receivers work. 

The (etrode contains four elements or 
electrodes, one more than the triode. 
The new electrode, called a screen g" id, 
is a wire spiral or screen place r 
tween the first grid and the plate., 
is operated at a positive charge ee 
respect to the cathode, and serves a 
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Fig. 752. A finished crystal slab ready for 
mounting in a holder. 

an electrostatic screen between grid and 
plate. This permits the tube to work 
better in amplifying signals. 

The pentode is a five-element tube, 
having still another grid called the 
suppressor grid. This is always located 
between the screen grid and the plate, 
and serves to repel or drive back to 
the plate any electrons knocked out 
of the plate by electrons coming from 
the cathode. The suppressor grid thus 
suppresses secondary emission of elec- 
trons from the plate. Symbols for 
tetrodes and pentodes are shown in 
Fig. 755. 
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Fig. 753. The old and new in crystal diodes. 


Two or more tubes are often com- 
bined in one envelope. Thus, there are 
tubes with two triode sections or two 
diode sections. Another common Com- 
bination is the duo-diode triode, which 
has two diodes and a triode all in the 
same glass or metal envelope. 

679. How do cathode-ray tubes 
work? In ordinary tubes the electrons 
emitted from the cathode flow outward 
in all directions to the surrounding 
cylindrical metal plate or anode. In 
the cathode-ray tube shown in Fig. 
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Fig. 755. The symbols for tetrode and pentode 
tubes. 


756, however, the emitted electrons 
are compressed into a wire-like stream 
or beam that is normally aimed at the 
center of a fluorescent screen on the 
inside of the tube face. This screen 
glows wherever the electron beam hits 
it 

Starting from the left in Fig. 756, 
the heater provides the heat that 
makes the cathode emit electrons. The 
control grid determines the number of 
electrons that get into the beam; a 
highly negative voltage on the grid 
cuts off the electron beam entirely as 
required for black portions of a tele- 
vision picture, while a less negative 
grid voltage lets electrons go out into 


Vertical 
Accelerating deflecting 


_Heater ` 
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Horizontal Ż 
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the beam to produce the bright spots 
of a picture. The focusing anode works 
together with the small hole in the 
control grid to focus the electrons to 
a small point at the screen. The ac- 
celerating anode requires a high volt- 
age, often over 10,000 volts for tele- 
vision picture tubes, to give the 
electrons in the beam enough speed 
to produce the desired bright spot on 
the screen. Together the electrodes 
just described are called the electron 
gun. 

Outside the electron gun in the tube 
shown in Fig. 756 are two pairs of 
deflecting plates. When voltages are ap- 
plied to these, the electron beam is 
bent or deflected. Thus, with an alter- 
nating voltage applied to the plates 
that are above and below the beam, 
the electrons are alternately deflected 
upward and downward to form a 
vertical bright line on the screen. 
Alternating voltage applied to the 
other two plates forms a horizontal 
line. 

680. What are cathode-ray tubes 
used for? In cathode-ray oscilloscopes, 
a special alternating voltage is applied 
to the horizontal deflecting plates of 
the cathode-ray tube, to sweep the 
beam back and forth horizontally, 
and a voltage to be studied can be 
applied to the vertical plates. The 


Fluorescent 


Glass wall of tube-~ 


Fig. 756. The construction of a cathode-ray tube having electrostatic deflecting plates. 
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result is that the wave form of the 
voltage is traced on the screen, as in 
Fig. 757. 

In some television sets, special 
sawtooth-shaped alternating voltages 
are applied to both sets of deflecting 
plates in such a way as to make the 
electron beam sweep across a rectan- 
gular area of the screen, line by line 
from top to bottom, with the process 
repeated many times per second. The 
picture signal is applied to the control 
grid in the electron gun to vary the 
beam strength, so that the electron 
beam paints the picture on the screen 
as it sweeps across. 

As you learned earlier, an electron 
beam can be deflected by a magnetic 
field as well as by an electrostatic 
field. Practically all television picture 
tubes in use today use magnetic fields 
to deflect the beam. These fields are 
produced by coils surrounding the 
neck of the tube, there being no de- 
flecting plates inside, Another coil, 
used alone or in conjunction with a 
permanent magnet, serves to aid the 
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Fig. 757. An oscilloscope, showing the wave- 
form on the screen of the cathode-ray tube. 


internal anode in focusing the electron 
beam so as to give a clear picture on 
the screen. You'll learn more about 
picture tubes later when television 
systems are studied. 


9. Radio and Television 


681. Broadcasting for entertain- 
ment. When radio or television signals 
are sent out in many directions from 
a transmitter for reception on home 
radio sets, we call it broadcasting. The 
other type of radio is point-to-point 
communication, where a message is 
placed on the air for reception by one 
or a limited number of persons. 

The three distinct types of radio 
broadcasting in use today are regular 
amplitude-modulation broadcasting oF 
AM, frequency-modulation broadcasting 
or FM, and television broadcasting or 


TV. Each has its own band of fre- 
quencies in the radio spectrum, as 
shown in Fig. 758. 

682. What are kilocycles and 
megacycles? It is awkward to write 
strings of zeros after numbers as we 
go up in frequency. We therefore use 
two larger units in place of cycles. 

Kilocycles means thousands of 
cycles. Kilocycles is abbreviated as 
ke. One kilocycle is equal to 1,000 
cycles. The standard AM broadcast 
band extends from 550,000 cycles to 
1,600,000 cycles, put for convenience 
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Fig. 758. The lower end of the electromagnetic spectrum, showing audio frequencies and the 


frequencies used for radio, television, and radar. 


we express this as 550 ke. to 1,600 ke. 
Megacycles are abbreviated as mc. 
One megacycle is equal to 1,000,000 
cycles. Also, one megacycle is equal to 
1,000 kilocycles. The FM band goes 
from 88,000 kilocycles to 108,000 kilo- 
cycles, which is more easily stated as 
88 mc. to 108 mc. Television broad- 
casting is on both sides of the FM 
band, from 54 mc. to 88 me. and from 
174 me. to 216 mc. 

683. Changing frequencies to 
wave lengths. The mathematical rela- 
tionship between frequency and wave 
length is the same for radio waves as 
for sound, except that for radio waves 
you use the speed of light, which is 
about 300,000,000 meters per second. 
The formula, you will recall, is 

o=nlorn= Tor l=", 
where v is the speed of the wave in 
meters per second, n is the frequency 
in cycles per second, and / is the wave 
length in meters. As an example, sup- 
pose we want to find the wave length 
corresponding to a broadcast station 


frequency of 600 ke., which is 600,000 
cycles. Placing values in the formula 
for | gives 500 meters as the equivalent 
wave length. 

684. The AM broadcasting sys- 
tem. The major units of an AM 
broadcasting system are shown m 
Fig. 759. When someone speaks be- 
fore the microphone in the studio, or 
when an orchestra plays, sound waves 
are produced. 

A microphone works very much like 
one of our own ears. It has the same 
membrane or diaphragm that vibrates 
back and forth when a sound wave 
hits it. Instead of nerves, however, @ 
microphone has an electrical unit that 
changes movements of the diaphragm 
into a corresponding electrical signal. 

The unit inside the microphone may 
be a crystal, a coil moving between 
the ends of a permanent magnet, of 
simply a corrugated metal ribbon 
moving between the poles of a per- 
manent magnet. All types of micro- 
phones produce the same result — 
they change the sound waves into the 
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electrical equivalent of sound, an 
alternating current known as an audio 
signal. 

685. What the audio amplifier 
does. The audio signals coming from 
a microphone need to be strengthened 
thousands of times before they can be 
sent through miles of wires to the 
transmitter outside the city. This 
electrical strengthening process, called 
amplification, is done with radio tubes 
and radio parts in an audio amplifier lo- 
cated in the control room next to the 
studio. The control operator here 
watches a meter that shows the 
strength of the audio signals, and ad- 
justs a volume control from time to 
time to keep the signal strength nearly 
constant even though the singer or 
speaker in the studio moves around a 
lot. The closer the speaker gets to the 
microphone, the stronger the signal is. 

686. How an AM transmitter 
works. From the control room, the 
strengthened audio signal travels over 
private wire lines to the transmitter 
building. This transmitter is usually 
located outside the city to reduce 
interference in receivers located too 
close to the transmitting antenna. 

At the transmitter the audio signal 
is boosted in strength some more by 
an amplifier that is called the modu- 
lalor, as indicated in Fig. 760. From 
here the signal is combined with the 
Special radio-frequency signal needed 
to carry it through space. This signal 
is known as the carrier signal, and has 
the frequency that was assigned to 
the station by the Federal Communi- 
cations Commission. 

687. Why a carrier frequency is 
needed. An audio signal, no matter 
how strong, wouldn’t travel more than 
a few hundred feet through space if 
fed to an antenna. The audio signal 


must be combined with a higher 
frequency signal that is capable of trav- 
eling great distances through space. 
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Fig. 760. Steps in producing an r.f. carrier signal and combining it with the amplified a.f. signal to 
produce the modulated r.f. output signal that is put on the air by the antenna of an AM broadcast 


transmitter. 


The high frequency signal is known 
as the carrier signal because it carries 
the audio signal through space. The 
carrier signal is generated by a crystal 
oscillator and fed to a buffer amplifier 
that builds up its strength or power. 
Next, both audio signal and carrier 
signal are fed into the same final r.f. 
(radio frequency) amplifier tube and 
combined. The result is known as the 
modulated r.f. carrier signal. 

688. Getting the signal on the 
air. The modulated carrier signal com- 
ing out of the transmitter building is 
still an alternating electric current, 
so it travels through wires to the trans- 
mitting antenna. These wires can be 
one inside the other to give what is 
known as a coaxial cable. Occasionally 
the two wires are side by side, forming 
a transmission line. 

Many different kinds of antenna 
towers are used by AM broadcast 
stations. The height of the tower for 
an AM station is chosen to match the 
frequency assigned to the station. The 
higher the assigned frequency the 
shorter is the tower needed. You'll 
find that this simple rule holds true 
for everything in radio and television. 
Remember — the higher the frequency 
the shorter is the antenna needed. 
Both FM and television stations use 
much higher frequencies than AM 


stations, hence their transmitting and 
receiving antennas are much shorter 
than for AM. 

689. Producing radio waves. The 
purpose of the transmitting antenna 
tower is to send radio signals into space 
so they can be picked up by listeners 
for miles around. These radio waves 
travel with the speed of light (186,000 
miles per second). Some radio waves 
travel away from the tower parallel to 
the ground as from A to Æ in Fig. 761. 
These are called ground waves, and pro- 
vide the most reliable listening. They 
get weaker as they get farther away 
from the station. The higher the power 
of the station, the farther away its 
ground waves can be picked up by 
receiving antennas. Fifty miles is about 
the farthest, however, for reliable year- 
around day-and-night reception of 
ground waves from any AM broadcast 
station. ; 

Radio waves also travel upward into 
the sky from a transmitting tower 
These are known as sky waves. In the 
daytime AM sky waves keep right on 
going up into space as from A to 
in Fig. 761, and are never heard from 
again. At night, however, these sky 
waves are bent and reflected back to 
earth along the path from A to C n 
D by an invisible ionized layer © 
particles somewhere between 50 an 
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Fig. 761. How radio waves travel as ground and sky waves. 


200 miles up. The radio waves may 
come back hundreds or even thou- 
sands of miles away from the station. 
This is why you can hear more distant 
stations at night. 

The reflecting layers in the sky are 
called ionosphere layers. They are 
formed when ultraviolet rays of the 
sun hit the upper layers of air in our 
atmosphere. These ultraviolet rays 
electrify or ionize the air particles and 
such particles have the ability to bend 
radio waves back to earth. 

690. Skip distance. The ionosphere 
layers and the earth both act like 
mirrors for radio waves. A sky wave 
from a transmitting station strikes an 
ionosphere layer, reflects back to the 
earth, and bounces off the earth up 
into the sky again as from D to Ẹ 
in Fig. 761. It can be reflected several 
more times between sky and earth 
like this before the energy in the 
radio wave has died out. This process 
can make radio waves travel halfway 
around the earth or even farther. 

Reception of a particular station 
will be good at all areas where its sky 
Wave is hitting the earth, but poor in 
between these points. The distance 
between points of good reception is 
called the skip dislance. Since the 
lonosphere layers move up and down 
tom hour to hour as the action of the 


sun changes, the skip distance changes 
also from hour to hour. 

691. Causes of fading. Often the 
program of a distant station fades in 
and out every minute or so. This occurs 
because the ionosphere layers shift 
up or down slightly about once a 
minute. If you happen to be near the 
region where the sky wave comes back 
to earth, the wave may hit your an- 
tenna one minute and pass right over 
you the next minute. In other words, 
the sky wave can be sweeping back 
and forth across your antenna during 
fading. 

Fading also occurs whenever both 
the ground wave and sky wave of a 
station are bringing the program to a 
receiver. The ground wave travels over 
the shortest path, but the sky wave 
goes 70 miles or more up and then 
back again to get to the receiving 
antenna. The sky wave thus travels 
farther. Since travel takes time even 
when at the speed of light, the sky 
wave arrives just a little later than 
the ground wave. Technically, we say 
that the two waves are out of phase. 
They then either help each other or 
partly cancel each other, depending on 
how much they are out of phase. 

692. Types of AM receiving an- 
No matter what a receiving 


tennas. A A 
it has just one job. 


antenna looks like, 
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It changes the radio wave back into 
an alternating electric current. This 
carrier signal current is exactly like 
that which flowed up the transmitting 
antenna tower, except much weaker. 
Receivers build up the strength of this 
weak signal current, then remove the 
audio signal from the carrier and 
change it back to sound. 

Most AM broadcast sets today have 
built-in loop antennas. In table model 
receivers, this loop is usually wound or 
mounted on a sheet of cardboard that 
serves as the back for the cabinet. In 
large floor model sets, the loop is made 
larger and mounted separately, often 
in such a way that it can be rotated 
inside the cabinet. 

A loop antenna has directional quali- 
ties. This means that currents pro- 
duced in it by a particular station are 
strongest when the loop is lined up 
with that station. Signal currents are 
weakest when the loop is at right 
angles to the path of the radio waves 
from that station. 

The directional action of a loop 
antenna is most noticeable in battery- 
powered portable sets. Here the entire 
set should be rotated for maximum 
volume even on a strong station. Doing 
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Fig. 762, The crystal receiver illustrates the way 
a coil and a condenser are used together to tune 
in a desired station, 
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this will often permit turning down the 
volume control, so that batteries last 
longer. 

693. What is the simplest radio 
receiver? The crystal receiver circuit 
shown in Fig. 762 uses no tubes and 
has only a few parts, hence makes a 
good starting point for studying re- 
ceivers. It has an antenna, also called 
an aerial, for picking up radio waves, 
Tt has coils and a variable condenser 
for tuning. It has a crystal detector 
for removing the audio signal from the 
carrier. Finally, it has headphones for 
changing the audio signal back into 
sound, 

Crystal sets need a strong signal 
current. This means that they usually 
require a long outdoor antenna. Even 
with this, the audio signal is not 
strong enough to operate a loud- 
speaker, hence these sets are today 
built and used chiefly by boys who like 
to experiment. 

694. The trf receiver. Another 
radio set that was once popular but 
is today passing out of the picture 18 
the tuned radio frequency set, usually 
abbreviated trf. The general arrange- 
ment of this set is shown in Fig. 
763. 

The trf set uses a diode tube to 
separate the audio signal from the 
carrier signal. This tube is called the 
detector because it does exactly the 
same job as a crystal detector. If you 
connect headphones to the detector 
tube in any set, you'll hear programs 
just as in a crystal set. 

695. Why tuning circuits are 
needed. If the antenna were connected 
directly to the detector, all the signal 
currents in the antenna would reac 
the detector. You would hear all the 
programs at once, since each station 
in your vicinity produces its own ca! 
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Fig. 763. The two amplifiers in the diagram are needed to produce sufficient signal strength in the 


trf receiver. 
rier signal current in your receiving 
antenna. 

Tuning circuils are necessary to 
block out undesired carrier signals. A 
coil and a variable condenser together 
serve quite well as a tuner. When fully 
open (plates not meshed), the variable 
condenser tunes or responds to the 
high-frequency end of the broadcast 
band, When fully closed (fully meshed), 
the condenser tunes to the low- 
frequency end. 

With just one coil and one variable 
condenser, it is possible to hear two 
stations at the same time if both are 
strong and have nearly the same car- 
rier frequency. For this reason, 
sets used two, three, or more sets of 
coils and tuning condensers, each set 
helping to reject the undesired stations. 

696. What the r.f. amplifier does. 
To boost the strength of the weak 
signal coming from the antenna, a trf 
receiver uses amplifier tubes. These 
tubes are located in between the tun- 
ing circuits. Each combination of a 
tuning circuit and amplifier tube is 
called a tuned radio frequency amplifier 
slage. Together these stages form the 
radio-frequency amplifier, commonly 
called the r,f. amplifier. 

The r.f. amplifier has two jobs. Its 
tubes boost the strength of the desired 
radio-frequency carrier signal, and its 
tuning circuits block out undesired 
r.f. carrier signals. 


The r.f. amplifier feeds a strong 
modulated r.f. signal (an r.f. carrier 
mixed with the audio signal) to the 
detector of the trf set. The detector 
stage separates these by throwing 
away the r.f. carrier and allowing only 
the audio signal to pass on. 

697. What the audio amplifier 
does. The audio signal must be boosted 
in strength to operate a loudspeaker. 
This is done with more amplifier tubes 
that form the audio-frequency ampli- 
fier, abbreviated a.f. amplifier. 

The a.f. or audio amplifier may have 
one, two or more stages. The first tube 
in the a.f. amplifier is called the 1st 
af. stage and the last is called the 
a.f. output stage or power slage. 

An output transformer is connected 
between the output stage and the 
Joudspeaker. This transformer matches 
the output stage to the loudspeaker, 
so we get maximum volume and 
clearest tone. 

698. Changing audio signals to 
sound. The loudspeaker is nothing 
more than a microphone operated in 
reverse. A microphone produces an 
audio signal current when sound waves 
make its diaphragm move back and 
forth. A loudspeaker, on the other 
hand, moves its diaphragm back and 
forth to produce sound waves when an 
audio signal is fed into it. We thus 
get back the original sounds produced 


in the studio. 
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Fig. 764. In an electrodynamic loudspeaker, the 
a.f. current passes through the movable coil 
attached to the cone. 


Two types of loudspeakers are in 
common use. They operate on the same 
principle, and differ only in the way 
the magnetic field is produced. One 
uses a permanent magnet, and the 
other uses an electromagnet energized 
by direct current obtained from the 
D.C. power supply of the receiver, as 
in Fig. 764. In both types the moving 
element is a small coil called the 
voice coil. It is attached to the center 
of a cone-shaped diaphragm having a 
flexible rim. Being positioned in the 
air gap of the magnetic field, this coil 
moves in and out alternately when the 
a.f. output signal of the receiver is 
sent through it, causing the diaphragm 
to move in and out correspondingly 


Local 
oscillator 
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and produce the desired sound waves, 
The fact that the diaphragm or cone 
does move can easily be demonstrated 
by holding a candle flame in front of 
the loudspeaker while it is reproducing 
loud low-frequency sounds like organ 
music. 

699. Getting the right voltages 
for tubes. In the early days of radio, 
batteries provided the voltages re- 
quired to operate the tubes. When 
engineers learned how to make radio 
sets operate directly from power 
lines, batteries went out of the picture 
for a while. Today batteries are back 
again, in portable receivers, for auto 
radios, in tiny new vest-pocket re- 
ceivers, and in farm radios for homes 
that do not have electricity. 

Most radio receivers in homes oper- 
ate from the 115-volt A.C. power line. 
Power packs are built right into the 
receivers for changing the A.C. line 
voltage to higher and lower values. 
The power pack also changes the A.C. 
voltage to the different D.C. voltages 
needed by the tubes. 

*700. How does a superhetero- 
dyne receiver work? Practically all 
AM sets in use today are superhelero- 
dyne receivers, usually called superhets 
or supers. These use the arrangement 
shown in Fig. 765. The second detec- 
tor, audio amplifier and loudspeaker 
are exactly the same as for the trf set. 
Between the antenna and the second 
detector, however, is an entirely dif- 
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Fig. 765. Block diagram of an AM superheterodyne receiver. 
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ferent arrangement for boosting the 
strength of the modulated r.f. carrier 
signal. 

The superhet has an r.f. oscillator 
that generates its own r.f. signal. The 
circuits are arranged in such a way 
that the frequency of this r.f. oscil- 
lator signal is always 455 kc. higher 
than the frequency of the radio station 
to which the receiver is tuned. The 
first detector combines the desired 
incoming radio station with the oscil- 
lator signal to produce a new signal 
whose carrier frequency is 455 ke. 
This new frequency is called the 
inlermediale frequency or if. value. It 
is modulated just like the signal re- 
ceived from the station. 

Whenever you tune a new station 
you also automatically tune the oscil- 
lator to a frequency 455 ke. higher than 
that station’s frequency. Thus you 
always get the desired 455-ke. if. 
carrier signal, 

*701. What the i.f. amplifier 
does. Most of the amplification in a 
super is done in the i.f. amplifier after 
the carrier signal has been changed to 
455 ke. A much better job of boosting 
signal strength can be done in an 
amplifier that is built to handle only 
one frequency value like this. Super- 
hets are therefore more sensitive than 
trf sets. The second detector separates 
the audio signal from the if. carrier 
just as it did in the trf receiver. From 
here to the loudspeaker the circuits 
are the same in both types of receivers. 

702. The FM broadcasting SY57 
tem. In recent years an entirely new 
system of radio broadcasting, calle 
frequency modulation, oF simply g 
was introduced. This syste™ uEee 
transmitters operating on 4 different 
principle from AM transmitters, and 
requires special receivers. 


The technical difference between 
FM and AM is shown by Fig. 766. 
When the audio signal is combined 
with the carrier signal in an AM trans- 
mitter, the strength or amplitude of 
each carrier cycle is changed but the 
frequency is unchanged, giving an 
amplitude-modulated signal. In an FM 
transmitter the opposite action takes 
place; the amplitude of the carrier is 
unchanged, but the frequency varies 
from instant to instant in accordance 
with the changes in the audio signal. 

Frequency-modulation broadcasting 
stations operate in the frequency band 
between 88 and 108 megacycles. This 
is very much higher in frequency than 
ordinary all-wave AM receivers tune 
to, so special short antennas are needed 
for FM. Also, at these frequencies the 
sky waves usually go right on up 
through the jonosphere without bend- 
ing back to earth. Only ground waves 
can be received, and therefore FM 
signals cannot ordinarily be heard 
farther than about 50 miles from a 


station. 


Unmodulated carrier signal 


Audio signal 


~ j ws i 
Amplitude modulated 
carrier signal 


Frequency modulated 
carrier signal 
of AM and FM carrier 


Fig. 766. A comparison 
udio signal. 
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703. Why is FM broadcasting 
better? Within the service radius of 
an FM station, the signal obtained is 
almost entirely free from static. The 
signal is usually also better in fidelity 
(naturalness) than that of an AM 
station. An FM station can legally 
broadcast a much wider range of audio 
frequencies than AM broadcast sta- 
tions are allowed to do. Of course, 
FM receivers must be better techni- 
cally to take advantage of this higher 
fidelity. 

704. The FM transmitter. Up to 
the point where the audio signal arrives 
at the transmitter building, FM and 
AM systems differ only in quality of 
equipment. Higher quality amplifiers 
and microphones are used in the FM 
studio to provide the higher fidelity 
program. Now let’s see how FM really 
differs from AM. 

In an AM transmitter, the process 
of modulation (mixing the carrier sig- 
nal with the audio signal) is done in 
such a way that the strength of the 
carrier signal is varied by the audio 
signal. In FM, however, it is the 
frequency of the carrier signal that is 
varied or modulated by the audio 
signal. That is why it is called fre- 
quency modulation. The strength of 
the FM carrier remains constant. 

705. The FM receiving antenna. 
Antennas for FM receivers are quite 
different from those for AM sets. The 
most common FM antenna is the 
folded dipole shown in Fig. 767. This 
can be located inside the attic of a 
house. A two-wire cable is run down 
between the walls from the antenna to 
the receiver location. More often, the 
folded dipole FM antenna will simply 
be tacked to the back of the radio 
cabinet. 

Many FM sets will work with built- 
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Fig. 767. This Folded dipole is the commonest 
antenna used with FM receivers. 
in antennas within about 10 miles of 
stations. Some FM sets have a con- 
denser connection to the power line 
for signal pickup. Other sets. have 
built-in loops containing only one or 
two turns of wire. With FM receivers, 
however, the use of a folded dipole 
antenna will definitely improve per- 
formance. 

x706. The FM receiver. Except 
for just one stage, an FM receiver is 
fundamentally the same as a super- 
heterodyne AM receiver. This dif- 
ferent stage is the discriminator shown 
in Fig. 768, which replaces the second 
detector. 

The job of the discriminator is to 
remove the audio signal from a carrier 
signal that is swinging back and forth 
in frequency at an audio rate. The 
discriminator delivers the desired audio 
signal to the audio amplifier, just as 
does the second detector of an AM 
receiver. From there on, FM and AM 
receivers are identical in operation. | 

*707. Why FM sets are static- 
free. There will usually be more if. 
amplifier tubes in FM receivers than 
in AM receivers. Sometimes the last 
i.f. amplifier tube is called a limiter. 
This means that the tube flattens out 
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Fig. 768. Block diagram of a typical frequency modulation receiver. 


or limits undesired variation in signal 
strength. This limiting action is what 
removes static crashes from FM pro- 
grams. It works so well that lightning 
could strike the building next door and 
produce nothing more than a weak 
click in an FM receiver. In an AM 
set, on the other hand, a bolt of light- 
ning ever’ miles away will produce a 
crash that almost tears the loudspeaker 
apart. 

Some FM sets have two limiters, to 
give still further suppression of un- 
desired noise. On the other hand, there 
are FM sets that have no limiters at 
all. These sets use a ratio delector in 
place of the discriminator. The ratio 
detector is the same tube connected 
in a slightly different way, 5° that it 
suppresses noise at the same time that 
it detects the audio signal. 

708. The television broadcasting 
system. Television is a combination 
of the two broadcasting systems you 
have just covered, along with some 
new techniques. Television uses FM 
to bring in the sound portion of a 
program, and uses AM for the picture 
portion. 

For television broadcasting, twelve 
channels or frequency bands are used, 


divided into two groups. One group 
of five channels covers from 54 to 
88 megacycles, falling just under the 
FM band. The other group is much 
higher in frequency, ranging from 174 
to 216 megacycles. 

Originally, 18 television channels 
were assigned, but the first one has 
since been dropped without renum- 
bering the other 12 channels. The 
present television ¢ 
the frequency ranges are as 


hannel numbers and 
follows: 


Channel No. Freq. 
2 54—60 mc. 
3 60-66 me. 


4 66-72 me. 
5 76-82 mc. 
6 82-88 mc. 
FM Broadcasting 88-108 me. 
7 174-180 me. 
8 180-186 me. 
9 186-192 me. 
10 192-198 me. 
ll 198-204 me. 
12 204-210 me. 


210-216 me. 


The reliable reception range of tele- 


vision signals is limited to about 90 
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miles because of the high frequencies 
involved. This is much the same as 
for FM, which is in between the two 
groups of television channels. In hilly 
country, the range is even less if hills 
block the straight line-of-sight path 
between transmitting and receiving 
antennas. 

709. Television requires two 
transmitters per station. A tele- 
vision station has one transmitter for 
sound and one for the picture. In the 
television studio, the microphone is 
hung on a boom over the performers 
and picks up the sounds and converts 
them to audio signals. These are ampli- 
fied and fed to the FM transmitter 
that broadcasts the sound portion of 
the program. The sound is thus 
handled very much as in standard 
FM broadcasting. This transmitter 
operates at the high-frequency end of 
the 6-megacycle-wide channel assigned 
to that television station. The picture 
transmitter operates at the low-fre- 
quency end of the channel. Thus, for 
a station on channel 2 (54-60 mc.), 
the sound carrier is on 59.75 mc. and 
the picture carrier is on 56.25 mc. 

The sound and picture carrier lo- 
cations are the same for all television 
channels. The two carriers are always 
4.5 me. apart. By keeping all channels 
alike in this way, it is possible to build 
receivers in which both sound and 
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picture can be tuned in accurately 
with one knob. 

710. The television camera. The 
picture portion of a television program 
starts at the television camera. Here 
lenses focus the desired scene onto a 
coated plate inside a large camera 
tube. This tube is known as the icono- 
scope, the orthicon, or the image orthi- 
con, depending on which particular 
type is used. Construction of the latest 
image orthicon, sensitive enough to 
work even by candlelight, is shown in 
Fig. 769. 

Light from the object being tele- 
vised is focused on a light-sensitive 
photoelectric surface inside the camera 
tube. This surface contains thousands 
of tiny photoelectric cells, each of 
which emits electrons from its back 
surface in porportion to the amount 
of light falling on it. These electrons 
flow from the back of the photoelectric 
surface through the vacuam to a 
special target, in response to the at- 
traction of a positively charged mesh 
or grid just in front of the target. A 
magnetic field is also used to help 
control the direction taken by these 
electrons. As the flying electrons 
strike the target, they each knock a 
larger number of electrons off the 
target face. This in effect creates a 
pattern of remaining electrons that 
corresponds toa photographic negative. 
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Fig. 769. The operation of the image orthicon, newest type of television camera tube. 
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Near the base of the image orthicon 
is an electron gun that produces an 
electron beam which sweeps back and 
forth, line by line, across the entire 
back of the target. When the beam 
hits the target at a point that has not 
lost electrons, the beam curves right 
around and goes back to the base of 
the tube. When the beam hits a point 
that has lost electrons, it deposits 
enough electrons on the back of the 
target to make up for the loss. The 
returning beam thus has a gap at that 
instant, corresponding to a darker 
part of the picture. The electrons in 
the returning beam at each instant 
thus depend on how bright or how 
dark is the tiny object area being 
transmitted at that instant. 

The electron multiplier at the base 
of the tube serves to amplify the varia- 
tions in clectron beam strength thou- 
sands of times, giving the camera the 
ability to transmit a comparatively 
strong signal from weakly illuminated 
objects. Older iconoscope camera tubes 
are used in studios because they give 
better image detail, but they require 
much more light on the scene. When- 
ever the cameraman has no control 
over lighting he chooses the image 
orthicon. While the sun sets behind the 
Walls of a stadium during a long-drawn- 
out baseball game, the image orthicon 
still brings in its picture bright and 
clear, 

711. What interlaced scanning 
means. A black-and-white television 
picture is transmitted as 525 separate 
horizontal lines in the United States. 
The complete process is repeated 30 
times a second, which means that 
30 complete snapshots of the scene 
are transmitted per second. The 
human eye sees these 30 glimpses of 
the scene as a continuously moving 
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picture. Actually the picture is scanned 
60 times a second, with every other 
line being scanned on one downward 
sweep as in Fig. 770. The remaining 
lines are scanned on the next down- 
ward sweep of the beam to complete 
one picture. This process is called 
interlaced scanning, and serves to 
reduce flicker in the received picture. 

712. Television studio control 
room. From the television camera, 
the picture signal goes to the master 
control desk in an adjoining room. 
Here operators watch viewing tubes 
and make corrections on the signal. 
They also switch from one camera to 
another as called for by the program 
director, who watches all the viewing 
tubes and the studio from a location 
like that shown in Fig. 771. 

The picture signal must be accom- 
panied by various synchronizing sig- 
nals that will keep receivers in step 
with the transmitter. These synchro- 
nizing signals are broadcast right with 
the picture signal. They are sent out 
during the intervals when the screen is 
momentarily dark after the end of each 


z Start of Ist 7 Start of 2nd 
/downward scan, / downward scan, 
| called 1st field / called 2nd field 
i j 


7 
At end of 1st field,” 
spot returns to 
start 2nd field 


J 
At end of 2nd field,” 
entire picture (called 
frame) is completed 


Fig. 770. How interlaced scanning works. 
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Fig. 771. The control room at a television station. In the foreground is the program producer with 
his two assistants. Below him is the camera monitoring desk, and he can also see the studio beyond 


through a double-pane glass window. 


line and after the end of each complete 
picture. 

713. Transmitting the picture 
signal. There is actually only one 
tiny dot of brightness on a television 
receiver screen at any given moment. 
This bright dot is varying continually 
in brightness. It moves along the lines 
of the screen so fast, however, that 
our eyes see only the complete picture. 

From the control room, the picture 
signal goes to the picture transmitter 
in another room nearby. Here the pic- 
ture signal is amplified and then com- 
bined with its carrier signal. 

After more amplification, the result- 
ing modulated carrier signal travels 
over another cable to the transmitting 
antenna high on top of the building. 
This antenna serves for both the sound 
and picture transmitters. 

*714, How to figure the range of 
a television station. The effective 
range of a television transmitting an- 
tenna is the straight-line or line-of- 


sight distance from the antenna to the 
horizon. This range is casily figured 
from the formula i 


D =1.23 VH, 


where D is in miles and H is in feet. 
Raising the receiving antenna extends 
the range still more, as indicated in 
Fig. 772. For this reason, high masts 
are used at locations just beyond the 
horizon, to get the receiving antenna 
up into the path of the waves. The 
same formula gives the added range 
obtained from the receiving antenna 
height. 

Actual ranges in flat country are 
usually slightly greater than those 
given by this theoretical formula, þe- 
cause the waves curve somewhat an 
tend to follow the surface of the earth 
at television frequencies. The formulas 
are an excellent starting point, how- 
ever, for figuring how high you have 
to go with a receiving antenna. 

As an example, the Empire State 
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Fig. 772. How antenna height affects the distance a television station can be received. 


Building antenna structure in New 
York City provides a height of about 
1,100 feet for one of its television 
stations. The horizon distance for this 
height is D = 1.23\/1100, which is 
about 40 miles. A typical home roof- 
top antenna is about 30 feet high, and 
for this D = 1.23/30 or 6% miles. 
Adding this to 40 gives about 47 
miles as the effective radius of the 
service area in level country, using an 
ordinary ‘receiving antenna installa- 
tion. This of course assumes that there 
are no hills, buildings or other ob- 
structions in the way. For greater 
ranges, higher antennas are needed; 
in addition, the receiver must be more 
sensitive or the transmitter more 
powerful, as television signals decrease 
rapidly in strength as they travel away 
from the station. 

715. Television receiving anten- 
nas. The same receiving antenna 
serves for both the sound and picture 
portions of a television program. In 
locations close to television stations a 
folded or plain dipole much like that 
for FM receivers can be used. 

Usually a more complicated antenna 
arrangement is needed, however. Tele- 
vision waves have a habit of bouncing 
off buildings or hills somewhere along 
their path between the transmitting 
and receiving antennas. A wave that 


takes such a path travels farther than 
a wave that goes straight to the re- 
ceiving antenna. When the direct and 
the reflected waves both act on a 
television receiving antenna they in- 
terfere with each other. 

In radio, interference between 
ground and sky waves causes fading. 
In television, however, interference 
between waves arriving over different 
paths gives a weird effect called ghosis. 
There is a faint outline or ghost image 
of a person a short distance to the 
right of the brighter image on the 
receiver screen. Very directional anten- 
nas, aimed away from the path of the 
most troublesome reflected wave, help 
solve the ghost problem in television. 

A television antenna that is cut to 
the correct length for one of the 12 
channels may not give a good picture 
on other channels. Likewise, an an- 
tenna that is aimed to get a good 
picture on one channel might not 
bring in properly a signal coming from 
another direction. For these reasons, 
two or more antennas are often 
mounted on the same mast, as in Fig. 


773. The ideal arrangement would be 
nna for each of the 
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Fig. 773. One type of antenna used in fringe 
areas to get increased reception. The meter is 
connected to the receiver below, and shows 
when the antenna is pointing in the best direc- 
tion for one particular station. 


vision receivers use a superheterodyne 
circuit, as shown in Fig. 774. The 
picture signal picked up by the an- 
tenna is therefore boosted in strength 
and tuned in much as for an ordinary 
AM receiver. Because of the higher 
frequencies involved, the circuits and 
parts look a little different (see Fig. 
775), but they work in the same way. 

The second detector in a television 


Antenna 
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receiver is called the video delector, be- 
cause it separates the picture or video 
signal from the picture carrier. This 
video signal is boosted in strength by 
the video amplifier tubes and fed to 
the television picture tube. There it 
causes the spot on the screen to vary 
in brightness from instant to instant. 

The synchronizing signals, produced 
at the camera location and transmitted 
to keep receivers in step, also emerge 
from the video detector. These “syne” 
signals are used to drive horizontal and 
vertical sweep circuits. The horizontal 
sweep makes the spot on the screen 
move back and forth over each of the 
525 horizontal lines into which the 
picture is divided. The vertical sweep 
makes the spot move down for the 
next scanning line when it reaches the 
end of one line. The vertical sweep 
also makes the spot move up to the 
top of the screen for a fresh start each 
time it reaches the bottom of the 
picture. 

717. Color television is here. 
The sequential transmission system of 
color television broadcasting is shown 
in Fig. 776, with the all-electronic 
simultaneous transmission system shown 
below it for coniparison. 

In the sequential color system, the 
object. to be televised is viewed through 
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Fig. 774. A block diagram of a typical television receiver. 
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‘ourtesy of RCA Victor 
Fig. 775. The chassis of a television receiver 
using a large metal-walled picture tube. 

red, blue and green color filters in 
sequence by the television camera, to 
break up the scene into the three 
primary colors. The sequence of view- 
ing is repeated continuously and the 
resulting image patterns are sent out 


Sequential transmission 
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on the same wave length one after an- 
other. Each color lasts for 1/144th of 
a second, so the color sequence re- 
peats itself after 1 48th second. In- 
terlaced scanning is used the same as 
in black-and-white television, hence 
only half the lines are scanned in all 
colors in 1/48th second. One complete 
color picture takes 1, 24th’ second, 
which means that this system gives 
24 complete pictures per second in 
comparison to 30 for black and white. 
The number of lines for color is 405, 
which is appreciably less than the 
595 for black and white. 

At the receiver, as the red pattern 
is traced on an ordinary white-screen 
picture tube, or kinescope, the viewer 
sees the image through the red portion 
of a rotating disc. As the blue image 
comes on next, the blue segment of 
the rotating disc is in front of the 
tube face. Likewise, the green image 
is viewed through the green filter. 
The color filters at receiver and trans- 
mitter must of course rotate in step 
at precisely the same speed. This 
synchronism of red with red, blue with 
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blue and green with green is achieved 
by rotating both discs with constant- 
speed 1440-r.p.m. motors operating 
from the same A.C. power line system, 
and using a synchronizing pulse with 
the signal to make the receiver motor 
stay in step with that at the trans- 
mitter. 

718. Can color pictures be re- 
ceived on an ordinary television 
set? To get sequential color pictures 
on one of the millions of ordinary 
black-and-white television receivers 
now in use, two accessories are needed. 
One is an adapter that changes the 
rate at which the electron beam sweeps 
back and forth over the screen, to re- 
duce the number of lines from 525 to 
405 and reduce the picture repetition 
rate from 30 to 24. With this adapter 
alone, an ordinary set will show this 


Fig. 777. A television camera in an operating 
room, with an assisting surgeon alongside giving 
a commentary to medical students watching color 
receivers in other rooms. Note the spotlight 
mounted on top of the camera to throw additional 
light wherever the camera is aimed. 


Courtesy of DuMont Laboratories, Ine. 
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kind of color broadcast in black and 
white. To get the effect of color, we 
must place a motor-driven color dise 
in front of the picture tube. With se- 
quential transmission it also may be 
possible to use different picture tubes 
instead of the color wheel. A tube using 
an optical system of combining the 
three colors is possible. However, a 
three-color cathode-ray picture tube 
also under development may permit 
direct viewing of the color picture on 
the tube screen itself. 

719. Operation of simultaneous 
all-electronic color television sys- 
tem. As the lower diagram in Fig. 
776 shows, all three colors are viewed 
at the same time in the simullaneous 
color system. Three camera tubes 
are used at the transmitter, each view- 
ing the scene through a different 
primary-color filter. The color change 
is introduced electronically between 
successive picture dots along each 
scanning line. At the receiver are 
three picture tubes having corre- 
sponding red, blue and green filters, 
along with semi-transparent mirrors 
arranged to superimpose three pictures 
so that the viewer sees one picture in 
full color. Another version of this 
system uses a single picture tube 
having alternating particles of red, 
blue and green fluorescent material on 
the screen, with means for making the 
electron beam hit first a red, then a 
blue and then a green particle in its 
scanning path across the screen. 
single full-color tube like this 1s the 
ultimate goal for television. 

720. How is color television used 
in industry? Color television is handi- 
capped by not having enough room M 
the radio spectrum to transmit va 
sufficient detail. With industrial color 


„e . ansmitter 
television equipment. the transmit 
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feeds the receivers through cables and 
a full 18-megacycle bandwidth can 
then be used. This gives picture detail 
comparable to black and white, but 
in full color and with no flicker. One 
important use for this closed-circuit 
television is for televising operations 
in hospitals, so that students and other 
doctors in adjacent rooms can get an 
even better view than if looking over 
the shoulder of the operating surgeon. 
One system uses the same sequential 
scanning and color disc arrangement as 
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that described in Section 717, but 
with different speeds and line rates to 
get the greater detail. Fig. 777 shows 
the camera im the operating room. 
Similar equipment is used in industry 
to watch tests of jet engines from a 
safe distance, and to see instruments 
and gauges that are in remote or diffi- 
cult-to-get-at locations. Its use also 
makes it possible to supervise opera- 
tions in atomic plants without the dan- 
ger of exposing personnel to excessive 
radiation. 


4. Industrial Electronics — X Rays 


721. What is the most efficient 
way to convert A.C. to D.C.? In 
many industries, one of the most im- 
portant uses for tubes is in converting 
alternating current to the hundreds of 
thousands of amperes of direct current 
required for electrochemical plants, 
aluminum refining plants and magne- 
sium production. For this work, special 
metal-envelope tubes called ignitrons 
are used. These use a pool of mercury 
as a cathode, which you see shown in 
Fig. 778. An ignitron has no filament 
or heater; instead, conduction 1s 
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Fig. 778. The construction of an ignitron. 


started by applying a voltage between 
a small igniter electrode and the mer- 
cury pool, to get a spark that starts 
the ionization process. Industrial igni- 
trons look more like metal tanks than 
tubes, as shown in Fig. 779. 

The D.C. voltage required for 
operating radio stations and industrial 
electronic equipment is generally ob- 
tained from diodes, as in Fig. 780. 
These may be either gas-filled or high- 
vacuum tubes. Still smaller versions of 
these diode rectifiers are used in all 
radio and television receivers to change 
the A.C. voltage from the power 
transformer to the various D.C. volt- 
ages required by the other tubes. 

4722. How motors can be con- 
trolled with tubes. Special industrial 
gas-filled triode tubes called thyra- 
trons are used to furnish the current 
for a D.C. motor when instant control 
of forward and reverse speeds is re- 
quired. This arrangement, shown in 
Fig. 781, permits operating the D.C. 
motor from an A.C. power line, to pro- 
vide the high-starting-torque adyan- 
D.C. motors in plants not 


f 
PAN C. power. Speed may be 


having D. 


Courtesy of Westinghouse 


Fig. 779. A bank of ignitron rectifiers used in an electrochemical plant.” 


changed at any time merely by turning 
a small, conveniently located knob, 
The thyratrons used for motor con- 
trol serve first of all as rectifiers, to 
convert the A.C. voltages of the power 
transformers to the D.C, required by 
the armature and field of the motor. 
But thyratrons are more than rectifier 
tubes, because of the grid in each. The 
amount of current passed by the 
thyratron during its half-cycle or al- 
ternation of conduction is controlled 
entirely by the grid, but not in the 
same way as in vacuum triodes. Once 
a thyratron starts passing current, the 
grid loses control because the gas in 
the tube becomes ionized and fi urnishes 
its own electrons. What we do is use 
the grid to delay the starting or firing 
of the tube during the conducting 
alternation, by applying a high nega- 
tive bias through the electronic con- 


trol circuits. If we delay firing until 
half of the alternation has passed, the 
motor gets only half as much current 
and it slows down accordingly. Turn- 
ing the speed-control knob changes the 
time in each cycle when the negative 
bias is removed from the grid, thereby 
changing the speed. Pushing the stop 
button makes all grids highly negative, 
cutting off both armature and field 
current and thereby stopping the 
motor. 

Electronic motor control is widely 
used on machine tools like the lathe 
of Fig. 782, as well as on grinders, 
milling machines and drill presses be- 
cause it gives instant control over the 
full range of speed from zero to maxi- 
mum. Changing speed is as easy a8 
tuning in a station on a radio set. 

723. How to heat without heat 
by electronics. There are two way4 
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Fig. 780. Diode rectifiers that change A.C. to D.C. for a radio transmitter. 


of using radio-frequency energy to heat 
an object from within without touching 
the object. 

One way is dielectric heating, which 
works only for dielectric materials 
like wood, textiles, plastics and any- 
thing else that does not conduct elec- 
tricity. The other way is induction 
heating, which works only on metals. 

Dielectric heating requires only a 
pair of metal plates to transfer radio- 
frequency energy from an electronic 
generator to the object being heated. 
These plates, also called electrodes, are 
connected by wires to the generator, 
which is much like a radio transmitter. 
Instead of feeding the radio-frequency 
power to an antenna, however, it is 
applied to the metal plates in Fig. 783 
in order to form an intensely strong 
alternating electric field. When any 


nonmetallic material is placed between 
the plates, its molecules are pulled 
back and forth so rapidly that friction 
between them produces the desired 
heat. 

Diathermy equipment used by doc- 
tors operates on the same principle. 
Here the patient is the dielectric, and 
his molecules wiggle to produce heat 
deep in the muscles without burning 
the skin. 

Industrial and commercial uses for 
dielectric heating include setting glue 
in furniture and in plywood products, 
preheating plastic powders before they 
go into molding presses, defrosting 
frozen foods quickly, cooking frank- 
furters, roasting nuts, sterilizing grains 
and packaged foods, dehydrating food, 
curing rubber, and drying textiles. 

In electronic induction healing, the 


562 
© | Forward 
Push- 
Control | O enre | BUROS 
station | © | Stop 
D; Speed control 
Electronic 
control 
Power circuits Power 
transformer transformer 


nog = 
Two + Two 
armature field 
supply supply 
thyratron thyratron 
tubes tubes 
D.C.~-_2, 

motor [>= 


j 
Armature 


Fig. 781. A circuit used to operate a D.C. 
motor from an A.C, line and control its speed 
electronically. 


Fig. 782. An electronic motor control unit installe 


is under the operator's left hand. 
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same radio transmitter is used, In- 
stead of the metal plates, however, a 
coil consisting of a few turns of copper 
tubing transfers the r-f energy to any 
metallic object placed inside its turns, 
Electrical induction then causes the 
object to heat rapidly, by creating 
electric currents that flow in circular 
paths inside the object and make it 
red hot. Water is usually pumped 
through the tubing to keep it cool 
during operation, because the high 
current circulating through would 
otherwise melt the coil. 

Induction heating has become popu- 
lar for heat-treating of metals because 
it can heat the region to be hardened 
without affecting the rest of a metal 
object. Thus it can heat the surface 
of a shaft, the teeth of a gear (Fig. 
784), or the inside of a ring-shaped 
object. It can even heat metal parts 
inside glass enclosures without soften- 


d behind a huge lathe. The pushbutton control 


Courtesy of Reliance Electric and Engineering Co, 
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Fig. 783. A simplified diagram of dielectric 
ue The power source for the tube is not 
shown. 


ing the glass, because the r-f energy 
goes right through the glass. 

+724. Photoelectric applications 
in industry. As you have already 
learned, the phototube is simply a two- 
electrode tube like that used by Flem- 
ing, with a light-sensitive cathode 
taking the place of the filament. Light 
shining on the cathode causes emission 


Fig. 784, Inductively heating the teeth of ag 
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of electrons from its coating of cesium, 
and these electrons flow through the 
evacuated space within the tube to the 
metal rod or ring that serves as the 
anode. When a battery is connected 
into the circuit as in Fig. 785 to make 
the anode positive with respect to the 
cathode, emitted electrons are at- 
tracted to the anode and we get an 
output current that is proportional to 
the light. A phototube thus acts like a 
switch that turns on an electric circuit 
when light is shining, and turns off 
the current flow when the tube is 
dark. The greater the intensity of the 
light, the greater is the current passed 
by the tube, up to its maximum. One 
or more amplifier tubes must be used 
to build up the current sufficiently in 
strength to cause operation of a relay 


Courtesy of GE 
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Fig. 785. A simple phototube circuit showing 
how light energy is converted into an electric 
current. 


that turns on or off the industrial 
machine being controlled. 

Sorting is one major industrial job 
for phototubes. Here a beam of light 
is directed on the product «being ex- 
amined, and the phototube is posi- 
tioned to pick up the reflected light, 
which varies with the color and nature 
of the surface of the product. The 
Fig. 786. When the operator's hand is in the 
path of the light beam, the phototube and its 


associated controls keep the press from de- 
scending, 


Courtesy of Westinghouse 
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control can be designed either to open 
or close a switch when the light is re- 
duced or interrupted. In sorting beans, 
a good white bean reflects maximum 
light and is allowed to pass, while a 
dark inferior bean reduces the light 
enough to operate a relay that causes 
an electric solenoid device to flip the 
bean into the discard bin. 

Accident prevention is another pho- 
toelectric control job. In the applica- 
tion shown in Fig. 786, a light source 
directs a beam of light across the front 
of the punch press to the phototube. 
The hammer of the press cannot drop 
down to punch a hole in the sheet 
metal while the operator’s hands 
block the light beam. When his hands 
are drawn safely back out of the 
danger area, the press can operate. 

Another type of photoelectric de- 
vice in common use is the photovoltaic 
cell, also called a photocell. This is 
used in photographic exposure meters 
like that of Fig. 787. It can actually 
generate enough current of its own to 
operate the meter when light falls on 
the light-sensitive surface, hence no 
outside voltage source is needed. In 
one form, the photovoltaic cell is 
simply a sheet of copper covered with 
a thin layer of copper oxide that in turn 
is covered with a thin semi-transpar- 
ent layer of silver, as in Fig. 788.When 
light shines on this sandwich, electrons 
flow from the copper oxide to the cop- 
per and then through the circuit that 
is completed by the indicating meter. 
A number of these cells in parallel can 
even furnish enough current to run a 
tiny motor —a way of getting elec- 
tricity from sunlight. 

725. What are X rays? Tubes in 
which X rays are produced differ 
little from the tubes already studied. 
If a tungsten or platinum disc 1s 
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Fig. 787. A photovoltaic cell operates this 
photographic exposure meter. 


placed in a cathode-ray tube in such 
a position that the electron beam is 
concentrated on it, a different type of 
invisible radiation is produced, as in- 
dicated in Fig. 789. These radiations 
are called X rays, or they are some- 
times called Roentgen rays in honor of 
their discoverer. (See Fig. 790.) X rays 
are always produced when high-speed 
electrons strike a solid, as i the 
more modern types of X-ray tubes 
shown in Figs. 791 and 792. 

X rays are a type of electromagnetic 
radiation, like light and radio waves. 
The only difference is in wave length. 
They have many properties similar to 
light. 

L. X rays are invisible. Since the eye 
is sensitive only to the electromagnetic 

Meter 


_- Copper 


TRE „H 
Semi-transparent 7 
layer of silver 


Fig. 788. The operating principle of a photo- 


voltaic cell. 
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Fig. 789. The construction used in early X-ray 
tubes. 


radiation we call light, ot her types of 
electromagnetic radiation of different 
wave length are invisible. The wave 
length of X rays is less than one 
thousandth of the length of the short- 
est waves of visible light, as indicated 
in Fig. 793. 

2, X rays move in straight lines. This 
property, together with the property 
of affecting photographic plates, makes 


Vo suia ý ™ 


Fig. 790. William Konrad Roentgen (1845- 


4923) was a German p 


as the discoverer of 
He received the Nobel prize in physics in 1901, 
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Fig. 791. An X-ray tube of the type devised by W. D. Coolidge. 


it possible to take pictures using X 
rays. 

3. X rays are not affected by magnetic 
or electrical fields. This shows that X 
rays are not charged particles. 

4. X rays may be reflected, refracted, 
and polarized by using suitable ma- 
terials such as mirrors, lenses, and 
polarizers. 

5. X rays move with the velocity of 
light. This is true of all electromag- 
netic radiations, and is the one prop- 
erty which characterizes them all. 
The velocity is about 186,000 miles 
per second. 

6. X rays affect photographic plates. 
X rays react with the sensitive emul- 
sion of a photographic plate in much 
the same way that light does. When 
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Fig. 792. A modern rotating-anode X-ray tube. 
The motor coils are outside the glass tube, and 
the armature is inside. The magnetic field acts 
through the glass to turn the armature, which 
keeps a new part of the target disc in front of the 
beam at all times, 


terminals 


terminal 


the film or plate is developed, a shadow 
picture appears. 

7. X rays can produce fluorescence 
and phosphorescence. This property 
makes possible the fluoroscope and the 
new portable X-ray cameras. The 
greater the intensity of the X rays 
striking the sensitive screen, the more 
brilliant the fluorescence. 

8. X rays are differentially absorbed 
by maller. Materials composed of light 
elements such as hydrogen, carbon, 
oxygen, and nitrogen are casily pene- 
trated by X rays. Materials composed 
of heavier elements, such as iron, 
calcium, and potassium, are less readily 
penetrated, Consequently, when X 
rays are passed through the body in 
taking an X-ray photograph, the bones 
appear light against a darker shadowy 
background, as in Fig. 794. 

9. X rays are able to slimulate or 
kill living maller. X rays are used in 
the treatment of cancer, since they 
have a greater tendency to kill the 
diseased tissue than the living healthy 
tissue. 

10. X rays produce spectra. J ust as 
substances give off characteristic vist- 
ble light when burned or heated, form- 
ing the visible spectrum, they also 
give off X-ray spectra when bom- 
barded with cathode rays. These 
spectra can be detected by photo- 
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Fig. 793. The relationship of X-ray wave lengths to others in the electromagnetic spectrum. 


graphic plates. They are characteristic 
of the material used. 

726. Medical and industrial uses 
for X rays. With an X-ray fluoroscope, 
a physician can watch the action of 
the internal organs, and see internal 
structure immediately without waiting 
for films to be developed. The fluoro- 
scope uses a screen coated with a 
material like platinum-barium cyanide, 
which is sensitive to the fluorescent 
effects of the X rays. If one holds his 
hand between the fluoroscope screen 
and an X-ray tube, the bones of the 
hand can be clearly distinguished. 

X-ray photographs can be taken for 
more extensive study than is possible 
with the fluoroscope. Sometimes these 
are direct shadow photographs, taken 
full size. More often, today, they are 
small pictures of a fluoroscope image, 
using equipment like that in Fig. 795. 

X rays are being used more and 
more commonly by industry to detect 
the presence of imperfections in forg- 
ings and castings, which could not 
otherw ise be examined internally, Us- 
ing equipment like that in Fig. 796. 
Fig. 797 gives an example of the kind 
of internal flaw that can be de- 
tected. 

727. How an electron microscope 
7 too small to se® 
The electron microscope is another ap- 
plication of thermionic emission © 
electrons. The source of electrons is a 
heated cathode in an electron gun, 
located at the top of a long evacuated 
metal tube and aimed downward as m 


shows things 


Fig. 798. The electrons are accelerated 
downward to pass through the object 
being examined. The electrons are then 
deflected or spread out by the elec- 
tromagnetic coils shown, to form an 
enlarged image of the object on the 
fluorescent screen or photographic plate 
at the bottom of the microscope. The 
dotted lines in the figure show how the 
electron paths are deflected, much as a 
lens refracts light rays, to form the 
image. In industrial and medical re- 
search, the electron microscope goes 
far beyond the powers of optical micro- 
scopes. It is used to make visible the 
erystalline structure of metals and the 
shapes of particles as fine as talcum 
powder or dust. In medicine, it has 
revealed bacteria and viruses never be- 
fore seen, and in this way has con- 
tributed to many recent medical dis- 


coveries. 


ig. 794. An X-1ay photograph of a human 

ie The letters mark the left and right sides 
as you see them from the front. Notice the 
spread ribs that show the person is inhaling. 


Courtesy of the General Electric X-Ray Corp. 


Fig. 795. Chest X-ray machine using 4” x 5” 
film to reduce costs in mass chest examinations. 


728. How does a radio compass 
work? You will recall that a portable 
radio with a loop antenna has direc- 
tional qualities. If you rotate the set 
until a signal is loudest and then sight 
along the loop, you will be looking 
directly at or directly away from the 
radio station. This is the same principle 
used in the modern radio compass. 


Fig. 796, Positioning an engine block for X ray 
with a 1,000,000-volt X-ray machine. 


Courtesy of the General Electric X-Ray Corp, 


Courtesy of the General Electric X-Ray Corp. 


Fig. 797. An X-ray photograph shows that the 
metal has run out of this casting, leaving it 
hollow. 


Radio compasses are maintained 
along the coast by the United States 
Navy Department to help ships de- 
termine their position. A message from 
the ship may be picked up by three 
or four of these shore stations, for ex- 
ample, Each station measures the angle 
at which the ship’s radio message 
arrives. From the positions of the 
stations, the distances between them, 
and the angles of the arriving signals 
at each, the location of the ship can 
be calculated by the master shore 
station, and its position broadcast back 
to the ship. Alternatively, the ship 
may carry a radio compass and de- 
termine its position from the directions 
of signals from radio-beacon stations 
installed in lighthouses along the coast. 
An aviator flying in a fog or over a 
large body of water also relies on the 
radio compass. 

729. How is radar used? Radio 
waves are reflected from various solid 
materials, much as light waves are. 
The idea of radar as a detector and 
locator of distant objects arose from 
this fact. The word radar comes from 
the words radio detection and ranging. 
The radar instrument contains the 
following elements: (a) a microwave 
transmitter which is turned alternately 
on and off almost instantaneously, 
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sending out a radio wave which strikes 
any object in its path and is reflected 
back in a few millionths of a second; 
(b) a receiver which receives the re- 
flected wave and measures the time 
it takes the wave to travel to and from 
the object; (c) the antenna used. for 
both transmitting and receiving. The 
antenna is rotatable. It sends and 
receives waves only in the direction 
in which it is pointed. By knowing the 
direction in which the antenna is 
pointed, and the range, or distance 
which is measured by the receiver, it 
is possible to determine the accurate 
position of the object or target. The 
diagrams in Figs. 799 and 800 show 
how one type of radar works. 

In modern radar installations, the 
reflected radio waves trace a picture 
of the objects sighted on the cathode- 
ray tube. Such a type of radar is es- 
pecially important in finding targets 
when flying over clouds or at night. 
Radar is widely used as an aid to 
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Fig. 798. The operating principle of the electron 
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marine navigation under poor visi- 
bility, since the radio waves are not 
disturbed by darkness or fog or clouds. 
The pilot watches a 
in Fig. 801 and sees a 


radar screen as 
pattern like that 


Electronic 
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Fig. 800. A block diagram of 


Receiver 


a radar system. 


en 


Courtesy of GE 
Fig. 801. The radar screen in the pilot house of a maritime training ship. 


Courtesy of the Sperry Gu 


Fig. 802. The pattern on the radar screen as an ore carrier goes around the bend of a 
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in Fig. 802. Radar installations at air- 
ports are used. to guide pilots onto the 
nway when the visibility will not 
permit other types of landing. 

A few years ago, the scientific world 
was startled by the announcement of 
the U.S. Army Signal Corps that its 
radar signals had been reflected by 
the moon. By redesigning one of the 
wartime radars, Army engineers suc- 
ceeded in transmitting pulses 238,000 
miles to the surface of the moon, where 
they were reflected back to the earth. 
Fig. 803 shows the pattern that was 
traced out on the cathode-ray tube 
of the moon radar and the scale of 
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Fig. 803. The pattern obtained with moon radar. 


miles that was based on the time it 
took for the round trip of the radio 
waves. The radar-measured distance 
agreed closely with the value obtained 
astronomically. 
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How many of te following terms can you define or explain? 


Thermionic emission Sky wave Cathode 
Electron microscope Frequency modulation Rectifier 

X rays Image orthicon Grid 

v=nl Electromagnetic spectrum Ground wave 
Triode Oscilloscope Skip distance 
Plate Photoelectric emission Loudspeaker 
Amplifier Radio waves Radio compass 
Detector Diode Radar 
Microphone Amplitude modulation Color television 


QUESTIONS 


1. What are three ways electrons may 
be emitted? Give a practical example of 
each method of emission. 

2. What is a directly heated cathode? 
An indirectly heated cathode? 

3. What are some of the uses of a cath- 
ode-ray oscilloscope? 

4. How is an electron microscope su- 
perior to an optical microscope? 

5. Explain the operation of a phototube. 

6. What are some of the effects which 
X rays can produce? 

7. List some practical applications of 
X rays. 

8. How are radio wayes similar to light 
waves? How are they different? 

9. Explain how an electrodynamic loud- 
speaker works, 

10. What is the function of a grid in a 
vacuum tube? How does it function when 
a tube is used as an amplifier? How does 
it function when the tube is used as a de- 
tector) 

11. How are oscillations produced using 
a triode? 


12. Explain how a diode actsasa rectifier, 
changing alternating current into direct 
current. 

13. How are radio waves propagated 
through space? Explain skip distance and 
fading. 

14. How does a superheterodyne radio 
set give higher sensitivity and selectivity? 

15. What are the advantages of fre- 
quency modulation over ordinary ampli- 
tude modulation radio reception? f 

16. How does radar aid in airplane navi- 
gation during cloudy and stormy weather? 

17. Why is it impossible to transmit 
television signals over long distances? What 
ways have been found to help overcome 
this problem? 

18. How does an image orthicon operate 
to “take” a television picture? How does 
the picture tube reproduce it? 

19. Explain how the two types of color 
television operate. 

20. What is the electromagnetic spec- 
trum? Which types of radiation have we 
studied in detail? 


PROBLEMS 


1. Radio station KDKA operates on a 
frequency of 1020 kilocycles. What is the 
length of the radio waves produced? 

2. The moon is 238,000 miles from the 
earth, How long will it require for a radar 
signal to be sent to the moon and return? 


3. A certain radio station generates 
waves 350 meters long. Calculate the 
frequency in kilocycles. 

4. If AM radio stations operate on a fre- 
quency band of 550 ke. to 1600 ke., what 
is the range of wave lengths used? 
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Radioactivity — Nuclear Energy 


1. Atomic Structure ppe o — a 


730. Atoms are composed of sev- 
eral types of particles. We have 
learned that matter is made up of 
tiny particles called molecules, and 
that these molecules are made up of 
smaller particles called atoms. Atoms 
themselves are known to be composed 
of several types of even smaller par- 
ticles. 

The simplest atom, the 
atom, is composed of only two parti- 
cles, a proton and an eleciron. The 
proton is about two-fifths the size of 
the electron, but has a mass about 
1840 times as great. Thus it accounts 
for almost all the mass of the hydrogen 
atom, the electron contributing Very 
little. These particles carry electrical 
charges. The proton has a single posi- 
tive charge. The electron has a single 
negative charge. 

More complex atoms than the hy- 
drogen atom contain other particles. 
One of these is the neutron. The neu- 
tron has about the same mass as a 
proton, but it carries nO electrical 
charge. It is electrically neutra’. 
combination of two protons and two 


hydrogen 


Vocabulary 


Raproacriyrry, the spontaneous, 
lable breakdown of t! 
with the emission of 

Fission, the disintegration © 
two nuclei of more or less equal mass. 

CHAIN REACTION, & reaction in which the 
material or energy which starts the reaction 


is also a product. 


neutrons is often found. It is called 
an alpha particle. During some changes 
which can be produced in the structure 
of an atom, a particle having the mass 
of an electron but having a positive 
electric charge has been observed. Such 
a particle is called a positron. It exists 
in nature for only a very short time. 

A type of particle about which we 
know very little is the meson. There 
are several types of mesons. Some have 
a positive charge of electricity, while 
others carry @ negative charge. These 
particles have a mass about 200 times 
that of an electron. They have an ex- 
tremely short life, about one or two 
millionths of a second. 

An atom is not just a bunch of these 
particles arranged in random fashion. 


The atom consists roughly of two 
and the orbils, as 


Jeus is the dense 
a, and contains 
The elec- 
bout this nucleus in more 
y levels. 


central part of the aton 
the protons 
trons rotate a 
or less definite orbits or energ 
Some electrons have orbits near the 
nucleus. Other electrons rotate at a 


lattice arrangement of 


NUCLEAR REACTOR, A 
fissionable material and moderator used 


to produce more fissionable material, radio- 
active isotopes, and energy- 

MODERATOR, a substance which slows down 
fast neutrons. 


Cosmic RAYS, high energy particles coming 
from outer space, pelieved to be protons. 
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Fig. 804. The sodium atom, 


greater distance. Each atom has an 
equal number of protons and electrons. 

The number of protons in the nucleus 
of an atom is called its atomic number. 
For instance, hydrogen, with one pro- 
ton in its nucleus, has an atomic num- 
ber of one. A more complex atom, like 
copper, with 29 protons in its nucleus, 
has an atomic number of 29. The num- 
ber of protons identifies the nucleus 
as belonging to a certain element. 

The actual weights of atoms are 
small decimal numbers that would be 
very difficult to work with. Conse- 
quently a relative weight scale has 
been developed. Atoms are given 
weights which indicate their weight in 
relation to one another. The standard 
for this relative weight scale is the oxy- 
gen atom. It was given the weight 16. 
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An atom like sulfur, which has twice 
the weight of an oxygen atom, has an 
alomic weight of 32. Helium atoms 
have an atomic weight of 4. On this 
relative scale protons and neutronseach 
have a weight of one. Electrons have a 
negligible atomic weight. 

The atoms of some elements exist 
in different forms, called isolopes. The 
nuclei of isotopes of the same element 
all have the same number of protons. 
The nuclei differ, however, in the num- 
ber of neutrons they contain. For 
example, there are three known iso- 
topes of hydrogen. (See Fig. 805.) Or- 
dinary hydrogen has one proton in 
the nucleus. Heavy hydrogen, or dew 
lerium, has a nucleus containing one 
proton and one neutron. Tritium, a 
third isotope, has a nucleus consisting 
of one proton and two neutrons. Each 
of these nuclei has only one electron 
revolving about it. Chlorine is another 
example of an element which has iso- 
topes. Cl-35 has 18 neutrons in the 
nucleus, while Cl-37 has 20, as in 
Fig. 806. These are both chlorine, 
since the nucleus contains 17 protons. 
Seventeen electrons rotate about the 
nucleus. The isotopes of an element all 
have the same chemical properties. 
They differ slightly in mass because of 
the different number of neutrons. 
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Fig. 805, The three isotopes of hydrogen: hydrogen, deuterium, and tritium. 
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Fig. 806. The isotopes of chlorine differ onl 
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y in the number of neutrons in their nuclei. 


9. Radioactivity 


: 731. What is radioactivity? In 
896, Henri Becquerel, a French scien- 
a oe an important discovery. He 

‘i nd that the uranium ore, pitch- 

ende, darkened a photographic plate, 
even though the plate was wrapped in 
opaque paper. He concluded that the 
ore must have given off penetrating 
radiations. We now know such radi- 
ations pass through some substances 
opaque to ordinary light, but are 
stopped by dense materials like bones 

and metal. Substances that give ° 
radiations of this nature are said to be 
radioactive. 

132. The discovery and proper 
ties of radium. 5000 after this dis- 
covery by ‘Becquerel, M. and Mme 
Curie began a series of experiments to 


determine whether other elements 
showed radioactivity- Of the elements 
an ele- 


known at that time, thorium, 
ment used in making Welsbach 25 
mantles, was the only one 
hibited this property- 

(Fig. 807) did find, however: that 
pitchblende, the mineral from which 
uranium is extracted, is four times as 


active as the pure uranium. Therefore 
she concluded that pitchblende must 
contain some other element more 
active than uranium itself. She pa- 
tiently worked over several tons of 
pitchblende and succeeded in isolating 
a few milligrams of the chloride of an 
element that is more than 1,000,000 
times as active as uranium, She named 
the element radium. Radium is usually 
used in the form of its salts: the 
chloride, bromide, 0r carbonale, for ex- 
ample. Mme Curie succeeded, several 
years later, in 1910, in isolating metal- 


lic radium. Both the metal and its 


salts are radioactive. 

Radium is one of the most inter- 
esting elements ever discovered. Its 
properties are most unusual. 

1. It affects 4 pholographic plale, 
even through opaque substances like 
paper, wood, and thin sheets of metal. 

2. Radium salts produce fluorescence 
just as X rays do. 


with certain salts, 
a very small 


Hence, a mixture of 
quantity of radium bromide and zinc 
sulfide is luminous in the dark. Such 


a mixture is used as & luminous paint 


oo 


Culver Service 


Fig. 807. Marie Sklodowska Curie (1867-1934) 
was born in Poland. After Becquerel discovered 
the radioactivity of uranium, Mme Curie ex- 
amined other materials in collaboration with her 
husband to learn whether they were radio- 
active, too. She isolated radium. The Curies 
shared the Nobel prize for physics in 1903 
with Becquerel. 


for coating the dials of airplane instru- 
ments, the hands and dials of watches, 
and the sights of guns that are used 
for night firing. 

3. Radium is active chemically; it 
decomposes water, changes oxygen to 
ozone, and gives glass a purple color. 

4. The physiological effects of radium 
are pronounced. It may destroy the 
germinating power of seeds, kill bac- 
teria, or even destroy small animals. 
Radium produces frightful burns that 
require a long time to heal. Some 
early investigators were severely 
burned by radium while experiment- 
ing with it. 

5. The salts of radium glow in the 
dark, producing a pale phosphores- 
cence. In the daylight they resemble 
common table salt in appearance, The 
phosphorescence is not bright enough 
to be observed in ordinary daylight. 
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6. Radium gives off enough heat every 
hour to melt 1.5 times its weight of 
ice, or about 120 calories per gram. 
This heat is given off continuously, 
since radium loses only one-half its 
energy in the first 1700 years, one-half 
of what remains in the next 1700 
years, and so on. 

7. Radium is rare and expensive. 
The present price of radium is about 
$25,000 per gram. Rich deposits of 
uranium ore occur in the Belgian Congo 
and also in northern Canada. Radium 
compounds as well as uranium are ex- 
tracted from these ores. 

733. What is the nature of the 
radiation from radium and other 
radioactive materials? The radia- 
tion from radioactive materials con- 
sists of three types: 

1. Alpha particles. These we have 
already learned consist of two protons 
and two neutrons. They are the same 
as the nuclei of the ordirlary helium 
atom. They carry two positive elec- 
trical charges. Their mass is about 
four times that of the hydrogen atom. 
They have a velocity of from 10,000 
to 20,000 miles per second, However, 
their penetrating power is not very 
great. They can be stopped by a very 
thin piece of aluminum foil or a thin 
sheet of paper. They are very efficient 
in ionizing air molecules. Severe radium 
burns are largely due to the alpha 
particles. 

2. Bela particles. These are elec- 
trons, just as we discovered cathode 
rays to be. They have a negative elec- 
trical charge, but are only about 
teio the mass of a hydrogen atom. 
They have much greater penetrating 
power than alpha particles, since theg 
velocity is from 60,000 to 160,000 miles 
per second. 

3. Gamma rays. Gamma rays seem 
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to be high energy X rays. They are 
much more penetrating than either 
alpha or beta particles. They can 
produce phosphorescence, and they 
affect a photographic plate. 

Fig. 808 shows the effect of a power- 
ful magnetic field on the radiation 
from a small amount of radioactive 
material. The heavy alpha particles are 
deflected slightly in one direction; the 
lighter beta particles are deflected more 
markedly in the other direction; the 
gamma rays are not deflected at all. 
By the use of such a magnetic field, 
Ernest Rutherford learned the nature 
of the radiation from radioactive ma- 
terials. 

734. How can radiation be de- 
tected? The particles given off by 
radioactive materials have the prop- 
erty of ionizing substances through 
which they pass. When ionization 
takes place, an atom or group of 
atoms loses:or gains one or more elec- 
trons, From a neutral alom, it is 
changed into a charged ton. Alpha and 
beta particles can produce ionization. 
One of the methods for studying the 
ionization produced is based upon the 
work of C. T. R. Wilson. Let us look 
at Fig. 809. The lower part of the 
inverted cone and rubber bulb is 
filled with water which is dyed black. 


In the upper compartment of the ap- 
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Fig. 808. How a magnetic field affects the 
different radiations. 


577 


aray tracks 
Radium \ ina glass 


containing 


black dye 


Fig. 809. The Wilson cloud chamber is used to 
study radioactive materials. 

paratus there is a tiny bit of the radio- 
active material being studied, such as 
a bit of radium, in a glass capsule. 
A source of current may be used to 
maintain an E.M.F. of 100 or more 
volts across the air space in the upper 
compartment, which is artificially il- 
Juminated. 


When the rubber bulb is squeezed, 


the air is compressed. As it is released 
d tracks of alpha 


the air expands an 
particles can be seen through the glass, 


reflected from the dark background, 


Fig. 810. They become visible because 
they ionize the air molecules, and 
particles of fog condense upon them. 
The alpha particle tracks come out 
from the tip of the capsule in which 
the radioactive material is enclosed. 
By means of such a cloud chamber, one 
can identify the fragments of atoms 
from the particles made when the 
atoms disintegrate. 

An electroscope can also be used to 
detect radiation. An electroscope be- 
comes discharged when ions in the air 
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Fig. 810. The tracks of alpha particles as shown 
on the screen of a Wilson cloud chamber. 
pick up or leave electrons on the elec- 
troscope knob. The rate at which an 
electroscope is discharged, then, is a 
measure of the number of ions in the 
air near the electroscope, Since radio- 
active materials produce ions in pro- 
portion to their radioactivity, their 
effect on an electroscope is one way 
in which radioactivity may be meas- 
ured. An electroscope is many times 
more sensitive for determining the 
value of radium salts than a chemical 
balance, even one weighing to 0.00001 g. 
A newer method of measuring radia- 
tion is the Geiger counter, Fig. 811. 
This consists of a metal cylinder, which 
acts as one electrode, surrounding a 
thin wire, which is the other electrode. 
By using glass caps, the two electrodes 
may be insulated from one another, 
The voltage between the two elec- 
trodes is adjusted so that it is almost 
great enough to produce a discharge. 
When a particle produced by radio- 
activity passes through the counter, it 
jonizes the gas in the tube. This 


Brass tube ıs 
one electrode._ 


Ee 
\ 

Central wire 1s 

other electrode 


Fig. 811. The Geiger counter is used to detect 
radioactive material. 


lowers the resistance between the two 
electrodes, and current momentarily 
passes. This passage of electricity may 
be registered as a “click” in a loud- 
speaker, 

735. The radium atom disinte- 
grates. Because heat and light appear 
to be given off continuously from radio- 
active substances without any ap- 
parent loss of weight, it was at first 
believed that radium was an exception 
to the law of the conservation of mat- 
ter and energy. More careful investi- 
gation shows that radium does slowly 
lose its energy, one half in the first 
1700 years. 

The question naturally 
“What is the source of all this energy?” 
A long series of experiments has fur- 
nished the answer to this question. 
The nuclei of radium and other radio- 
active elements are continually dis- 
integrating. The alpha and the beta 
particles are products of atomic disin- 


arises, 


tegration. Spontancously certain heavy 
atoms are breaking down into slightly 
lighter atoms. After an average life of 
2500 years, for example, the radium 
atom disintegrates. This atom is 226 
times as heavy as the hydrogen atom. 
When it disintegrates, it loses an alpha 
particle, which neutral 
helium atom upon picking up ewe 
electrons. This helium atom weighs 
four times as much as the hydrogen 
atom. The remainder of the atom, 


becomes a 
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999 times the weight of the hydrogen 
atom, is a gas known as radon, Thus 
two gases, helium and radon, are 
formed when an atom of radium dis- 
integrates. The nuclear equation rep- 
resenting this change is: 


206 209 A 
a Ra — “gg Rn + zhe. 


Only the nuclei are represented in this 
equation. The superscript ts the atomic 
weight of the nucleus. The subscript is 
the alomic number, the number of pro- 
lons in the nucleus. Alpha particles, 
since they are helium nuclei, are 
represented as 3 He. 

_ Radon loses half its activity in a 
little less than five days. Radon forms 
polonium when it disintegrates. As 
polonium, which*is radioactive, breaks 
down by emitting alpha particles, Ra- 
dium B, an isotope of lead is formed. 
This can emit beta particles to pro- 
duce Radium C, an element with an 
atomic weight of 214 and an atomic 
number of 83, This makes it an isotope 
of bismuth. Both alpha and beta parti- 
cles are emitted by this isotope in form- 
ing Radium D. Further similar changes, 
as shown in Fig. 812, finally result in 
an element which has atomic number 
82, and atomic weight 206. This is an 
isotope of lead. While uranium is the 
parent of radium, its descendant is 
lead. Such spontaneous transmutation 
is going on constantly with several 
series of radioactive elements. 
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Fig. 812. The products of the disintegration of 


radium atoms. 


3, Nuclear Fission 


736. Einstein’s famous equation. 
Albert Einstein, in 1905, predicted 
from his theory of relativity that mass 
and energy should be related. He even 
formulated an equation, E=me’, to 
show exactly how mass and energy 


dn’t do this by 
xperimentation. He formu- 
lated it by careful mathematical 
thinking. In the equation, E represents 
energy, 7 stands for mass, and ¢ is 
the velocity of light. Since ¢ is a very 


were related. He di 


careful € 


580 


large quantity, ¢ is very, very large, 
and we see from the equation that 
very little mass will be equivalent to 
tremendous amounts of energy. 

Twenty-seven years later, in 1932, 
two English scientists, J. D. Cockroft 
and E. T. S. Walton, verified Ein- 
stein’s equation experimentally. 

737. What was the first artificial 
atomic transformation? As early as 
1919, Rutherford tried various ex- 
periments to discover if more particles 
could be added to the nuclei of atoms 
to produce new atoms. In one experi- 
ment he bombarded nitrogen with 
alpha particles from radium. He found 
that hydrogen and an isotope of oxy- 
gen were produced. This was the first 
example of an artificial change or 
transmutation in an element. 

738. Atom smashers produce 
artificially’ radioactive materials. 
Alpha particles from radium are not 
very effective in bringing about 
changes in the nuclei of atoms. They 
have little penetrating power. Con- 
sequently scientists looked for a new 
source of particles with which to 
bombard the nucleus. They wanted 
particles that would have greater ve- 
locity and more power. One of the 
devices constructed to secure such 
particles was the Van de Graaff gen- 
erator. 

From Fig. 813, we see that a Van 
de Graaff generator is a kind of esca- 
lator for electrons. Electrons are put 
on the moving insulated belt by re- 
pulsion from a strongly negative elec- 
trode. They travel up the belt to the 
top of the generator, where they are 
picked off by a collector and trans- 
ferred to the top terminal. In this way 
a large negative charge can be built 
up on the top terminal. The large 
difference of potential thus obtained 
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Fig. 813. The construction of a Van de Graaff 
generator. 


can be used to accelerate charged 
particles, electrons or protons, making 
them effective atomic bullets. Since 
the high charge on a Van de Graaff 
generator can leak off into the atmos- 
phere if the air is humid, they are 
sometimes built under a large pear- 
shaped shell like that in Fig. 814. 
This can be filled with dry air under 
pressure, to keep the charge on the 
top terminal. 

By bombarding atoms with protons, 
deuterons, or neutrons, they can be 
made to give off radiation similar to 
that of the natural radioactive ele- 
ments. They can be made artificially 
radioactive. This process was dis- 
covered in 1934 by Irene and Frederic 
Joliot-Curie. At the present time, 
radioactive isotopes of all known ele- 
ments have been prepared. ; 

Dr. E. O. Lawrence, of the Uni- 
versity of California, invented a 
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Courtesy of Westinghouse 


Fig. 814. Gauge the size of this Van de Graaff 
generator by comparing it with the size of the 
man in the lower part of the picture. 

atom smasher which operates on a 
different principle than the Van de 
Graaff generator. He called it a cyclo- 
tron. (See Figs. 1 and 815.) The cyclo- 
tron consists of a large cylindrical box, 
shaped like a pill box, placed between 
the poles of a huge electromagnet. The 
box is exhausted until there is a very 
high vacuum inside.. The protons or 
deuterons which are used as “bullets” 
are fed into the center of the box. In- 
side the box are two hollow D-shaped 
electrodes, called dees. These are con- 
nected to a source of very high voltage 
through an oscillator. When in opera- 
tion the charge on these dees is re- 
versed very rapidly by the oscillator. 
The combination of the high voltage 
alternating potential and the action of 
the field of the electromagnet causes 
the “bullets” inside to take a spiral 
course. They move faster and faster 


17177 
le of electromag 
LMU. 


Fig. 815. The cyclotron produces “atomic 
bullets” of very high energy. 


as they near the outside of the box. 
They are acquiring more and more 
energy. When they reach the outer 
rim of the box, they are deflected 
toward the target and strike it with 
an energy of nearly 400,000,000 elec- 
tron-volts. This is the energy an elec- 
tron would have if it were accelerated 
across a potential difference of 400,- 
000,000 volts. 

By means of the cyclotron, scientists 
have learned much about the struc- 
ture of the atom, and about the disin- 
tegration products formed when atoms 
break up. Newer atom smashers are 
the belairon and the synchrotron. 

739. Uranium has some unusual 
properties. The element uranium 
exists in nature in three isot opic forms, 
U-238, U-235, and U-234. By far the 
most abundant is U-288, which forms 
99,3% of naturally occurring uranium. 
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U-235 exists to the extent of 0.7%, 
with only traces of U-234 being found. 
These types of uranium atoms all have 
the same chemical properties. They do 
have different nuclear properties. 

When U-238 is bombarded with 
slow neutrons, these neutrons are 
captured by the U-238 nucleus. This 
forms an unstable U-239 isotope, which 
emits a beta particle and forms a new 
radioactive element, neptunium. Nep- 
tunium is also unstable. It gives out a 
beta particle, forming another man- 
made element, number 94, plutonium. 

U-235 also captures slow neutrons 
when bombarded with them, and the 
resulting nucleus is very unstable. 
However, instead of emitting alpha or 
beta particles, or gamma rays, the 
nucleus splits up into two parts of 
almost equal mass. This break-up of 
the nucleus into two more or less equal 
parts is called fission. Neutrons are 
given out during this fission. There is 
a small loss of mass which appears as 
a tremendous burst of energy. 

It was later discovered that plu- 
tonium, element 94, made from U-238, 
acts the same way as U-235 when 
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bombarded with slow neutrons — it 
undergoes fission, and produces more 
neutrons. 

740. What is a chain reaction? 
We have seen that the fission of both 
U-235 and plutonium is caused by 
bombardment with slow neutrons. 
Neutrons are given out during fission. 
A reaction in which the material or 
energy which starts a reaction is also 
one of the products is a chain reaction. 
The fission of plutonium and U-235 
are such reactions, since neutrons ini- 
tiate them, and are also one of the 
products. One neutron causes one atom 
of U-235 to undergo fission, Fig. 816. 
Suppose two neutrons are produced. 
They each can strike a U-235 nucleus, 
producing fission, and liberating four 
neutrons. These four can strike four 
more U-235 nuclei, causing them to 
undergo fission. In a very small fraction 
of a second billions of neutrons can 
be produced to act as bullets. This is 
what happens in an uncontrolled chain 
reaction. The explosion of an atomic 
bomb is a chain reaction. 

741. Nuclear reactors contain 
controlled chain reactions. Some 
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Fig. 816. Neutrons from the fission of one U-235 atom, when slowed down by a moderator, can 
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nuclear reactors are used in the pro- 
duction of plutonium. Here the chain 
reaction is controlled by rods of neu- 
tron-absorbing materials, Fig. 817. 
Large blocks of graphite slow up the 
fast neutrons liberated by the radio- 
active materials so that they will be 
more easily captured by U-238 nuclei. 
Large amounts of heat are liberated, 
and the reactor must be continually 
cooled by running water. 

These reactors are not practicable as 
sources of energy to do useful work 
because the energy is not liberated at 
a suitable temperature. Research is 
now being conducted to learn how to 
build nuclear reactors which will oper- 
ate safely at high temperatures. These 
could be used as atomic engines to 
power ships or generate electricity. 

742. Radioactive isotopes are 
used in medicine. One of the im- 
portant developments to come out of 
the discovery of atomic energy is the 
use of radioactive isotopes in medicine 


and in other forms of research. In the 


heart of nuclear reactors, radioactive 
isotopes can be readily produced. They 


are being produced in just that way, 
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Fig. 817. A diagram of a nuclear reactor. 


and are available for treatment of 
disease. Radioactive phosphorus is be- 
ing used to combat diseases of the 
blood. Cancer patients are being 
treated with radioactive calcium. Thy- 
roid disorders can be helped by the 
use of radioactive iodine. Still other 
research is being conducted with radio- 
active carbon to discover the mecha- 
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nism of the process of photosynthe- 
sis. 

743. What is the hydrogen 
bomb? Atomic bombs owe their 
destructive force to the great amount 
of energy liberated when large atoms 
split into smaller parts. The hydrogen 
bomb will owe its destructive force to 
a process called fusion — the building 
up of atoms of helium from atoms of 
hydrogen — with a liberation of en- 
ergy. This is similar to the reaction 
which is believed to occur on the sun, 
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which provides the earth with light 
and heat. Fusion takes place only under 
the high temperatures and high pres- 
sures which exist on the sun. Until the 
discovery of the atomic bomb, men 
did not have a source from which to 
obtain the high temperature necessary 
to start such a reaction. Now, however, 
they may be able to use an atomic 
bomb as a fuse to start the reaction 
in a hydrogen bomb. There are many 
foreseen difficulties to overcome be- 
fore such a bomb becomes a reality. 


4. Cosmic Rays 


744. What are cosmic rays? An 
electroscope, if left out in the air, will 
slowly discharge. This shows that there 
is some slight ionization in the air. 
Extensive experiments have shown 
that this ionization is caused by the 
reaction of particles coming into our 
atmosphere from outer space. At 
present it is believed that these par- 
ticles are high energy protons. Their 
source is unknown. They probably 
come from beyond our solar system. 
Hence they were given the name 


cosmic rays. Very few of these cosmic 
rays from outer space ever reach the 
surface of the earth. In collisions with 
the particles making up our atmos- 
phere, mesons are produced, These 
do reach the surface of the earth as 
very penetrating particles, where they 
may be detected by trails of mist in 
cloud chambers or by clicks in Geiger 
counters. Cosmic rays from outer space 
may also produce electrons and neu- 
trons when they enter the earth’s at- 
mosphere. 


Summary 


Atoms are composed of several types of particles — protons, electrons, 
and neutrons — arranged in a central nucleus and outer orbits. Posi- 
trons and mesons are particles of extremely short life which are produced 


when atoms disintegrate, 


Radioactivity is the spontaneous disintegration of the nuclei of atoms. 


Radioactive elements 


give off three different types of radiation — 


alpha particles, which are the same as the nuclei of helium atoms; beta 
particles, which are the same as electrons; and gamma rays, which are 


X rays. 


The radiation can be detected by 


troscope, or a Geiger counter. 


Matter and energy are related by 
devices as the Van de Graaff genera 


the Wilson cloud chamber, an elec- 


Einstein’s equation, Æ = me?. Such 
tor and the cyclotron can produce 


RADIOACTIVITY — NUCLEAR ENERGY 


585 


artificially radioactive materials by bombardment with high energy 


protons or deuterons. 


Uranium exists in three forms, U-238, U-235, and U-234. U-238 when 


bombarded with slow neutrons 


ultimately produces plutonium, an arti- 


ficial element. U-235 when bombarded similarly undergoes fission, pro- 
ducing more neutrons and great amounts of energy. Plutonium acts in 


a manner similar to U-235. Chain reactions are 


U-235 and plutonium. 


therefore possible with 


Controlled chain reactions are carried out in nuclear reactors. Uncon- 
trolled chain reactions occur in atomic bombs. Radioactive isotopes are 


used for medicine and research. 
The hydrogen bomb will owe its 


ated when atoms of helium are produced 
ght to be high energy protons coming from 


Cosmic rays are thou, 
outer space, 


How many of the following lerms can you 


destructiveness to the energy liber- 


from hydrogen. 


define or explain? 


Proton Van de Graaff generator Radioactivity 
Neutron U-238 Nature of radiation 
Positron Fission Gamma rays 
Nucleus Nuclear reactor Geiger counter | ‘ 
Atomic number Fusion Artificial radioactive materials 
Isotope Electron Cyclotron 

U-235 


Properties of radium Alpha particle 
Beta particles Meson 


Wilson cloud chamber Orbit è 
E = me Atomic weight 


Chain reaction 
Hydrogen bor 
Cosmic rays 


QUESTIONS 


1. List the three main types of particles 
of which atoms are composed, and give the 
properties of each. 

2. How are these particles arranged 
within the atom? 

3. What are atomic weights? Are they 
actual weights? If not, what are they? 
What are atomic numbers? 

4. Give some examples of isotopes of an 
element. : 

5. What is meant by radioactivity? 
Describe the types of radiations given © 
by radioactive elements. 

6. What are some of 
radium? 

7. Explain how radiation is detected by 
an electroscope. By a Geiger counter. 
< 8. For what is a Wilson cloud chamber 


used? How does it operate? x 
9. Explain how radioactive disintegra- 


the properties of 


nts to be transmuted 


tion causes eleme 1 
ther. How can this be 


from one to the o 
done artificially? 
10. What is nuclear fission? 
11, Van de Graaff generators and cyclo- 


trons are called “atom smashers.” Explain 


why- : 

12, How do the jsotopes of uranium 
differ in their properties? 

13. What is necessary for a chain reac- 
tion? Give an example of a possible chain 
reaction. 

14, What is the difference between a 
nuclear reactor and an atomic bomb? 

15. How are radioactive isotopes used? 

16. From what source do men expect to 


get the destructive energy of a hydrogen 


bomb? z > 
17. What are the properties of cosmic 


rays? 
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F YOU LOOK THROUGH ANY BOOK IN PHYSICS, YOU WILL FIND 

in practically every chapter some principle which applies 

to the manufacture or operation of the automobile or the 
airplane. 

The steering.wheel and the brake lever on an automobile 
are examples of simple machines. Pressure is transmitted by 
a fluid to operate the brakes, while air pressure runs the 
windshield wipers. We ride on a cushion of air. The springs 
of an automobile are examples of molecular forces. The car 
accelerates because of the force supplied by the engine using 


the potential energy of gasoline. Gasoline furnishes heat en- 


ergy. This is transformed by pistons and the crankshaft into 


mechanical energy for driving the rear wheels. The excess 
engine heat is removed by circulating water, and lost to the 
air by means of the radiator. Thermostats control the engine 


temperature. We sound a horn t 
oncoming motorist. The car radio adds enjoyment to our 
i inate the road, and 


trips. At night brilliant headlamps illumina 
ing of our presence. We see the 


vivid tail ligbts give warni ) 
road behind us in our rear view mirror. A battery and in- 
nish the spark to ignite the gasoline vapor 
in the cylinders. has to be continually re- 
charged by means of a generator. An electric motor cranks 
the engine for us, and an electric clock indicates the time. 
Perhaps in the future our automobiles may be powered with 
. 
me a the principles of physics are equally uti- 
lized. Bernoulli's principle applied to gases explains how an 
airplane is supp in fli though it is more dense 
than air. Liquid pres he shock of landing, and 
controls the yaising and lowering of the landing gear itself. 
The strain on the wings during flight is an illustration of 
Hooke’s law. In a power dye pilot is aided by the force 


of gravity, but when he pulls out of the dive, centrifugal 
force acts strongly upon him. Many simple machines are 
used in an airplane. Wheels, levers, pulleys, and screws may 
be found easily. The cooling system of an airplane engine 
illustrates the principle of conduction as a method of heat 
transmission. The cabins of planes are insulated against both 
heat and sound. At night, nose, wing, and tail lights show 
the presence of the plane; while on the ground, beacons and 
airport markers guide the pilot on his course. The magnetic 
compass enables the pilot to fly “blind.” Lightning may 
strike a plane, but rarely damages it. Of course, the im- 
portance of electricity must not be overlooked on an air- 
plane. Many instruments are electrically controlled, and 
communication with the ground depends on radio or the 
radar set. 

So you see, a study of the automobile and the airplane 
will provide a substantial background for your review of the 
important principles of physics. 
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The Automobile — The Airplane 


1. The Automobile ae 2 es Se a 


745. Modern transportation uses 
the principles of physics. In today’s 
automobiles we travel comfortably at 
high speeds on broad superhighways. 
Modern planes whisk us from one 
coast to the other at 300 m.p-h., or 
across the Atlantic or Pacific ocean. 

Both automobiles and airplanes may 
seem to be complicated machines. But 
in machines like these, many of the 
principles of physics work together. 
After your study of physics you should 
be able to visualize these principles and. 
their applications. Then you can see 
how it is possible to build a car or a 
plane that will be almost foolproof — 
one that can be depended upon to 
operate consistently and safely, and 
that is both durable and comfortable. 

746. The automobile has three 
parts. For convenience, We May con- 
sider that the automobile consists of 
three parts: (a) the power plant; 
(b) the chassis, or running gears; (c) the 
body. In our study of each one We shal 
pay special attention to the physical 
principles that are utilized. 

747. The engine cylinders are 
the heart of the power plant. We 
have already learned how one cylinder 
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of a gasoline engine operates to pro- 
duce power. (Refer to Section 342.) 
But one cylinder wouldn’t make a very 
satisfactory engine. Consequently, var- 
ious combinations of cylinders are 
used in modern cars. We find auto- 
mobiles ranging from the four-cylinder 
Jeep to a powerful sixteen-cylinder 
Cadillac. Engines may have these 
cylinders arranged in a straight line — 
the in-line engine, or arranged in pairs 
placed at an angle to each other — 
the V-lype engine. (See Fig. 818.) Not 
only the number of cylinders, but the 
compression ratio is important. Mod- 
ern automobiles have higher com- 
pression ratios than were ever before 
thought possible. It is common to 
have compression ratios of 6 to 1 or 
6.6 to 1. One new type of automobile 
has a compression ratio of 7.8 to 1. 
These higher compression ratios are 
the result of improvements in gasoline. 
High compression ratios demand pre- 


mium gasoline having an octane rating 


of 80 or better. 

748. How we keep the engine cool. 
In our study of the gasoline engine, 
Section 345, We Jearned that it is 
necessary tO keep an engine cool by 
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Fig. 818. Cutaway view of a V-type engine. 


circulating water around the cylinders 
and through the head. When an engine 
is started, the thermostat (A in Fig, 
819) stays closed until a small amount 
of water is warmed. Then it opens to 
permit the water to circulate around 
the radiator and be cooled. This lets 


Courtesy of the General Motors Corporation 


Fig. 819. The thermostat at A is shown in a 
closed position, and only a small amount of 
water is being warmed, When it Opens, the 
circulation becomes general. 
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the engine warm up more quickly than 
if cool water circulated from the be- 
ginning. A centrifugal pump, discussed 
in Section 84, keeps the water moving. 

If the water in the cooling system 
freezes, it expands (see Section 257), 
and it may burst the cylinder head, 
the water jacket, or the radiator. 
Thus, antifreeze is needed in cold cli- 
mates. An ideal antifreeze solution is 
one that does not rust the metal parts 
or destroy the rubber connections of 
the engine. It must lower the freezing 
point of water, but not boil away too 
rapidly. 

Alcohol is sometimes used to make 
an antifreeze solution. A mixture of 
30% alcohol and 70% water has a 
freezing point of about —1° F. Alcohol 
does not corrode the metal parts of the 
system, but can spoil the finish of a 
car if it overflows. It also boils away, 
and in mild weather you should check 
to see that you still have the proper 
amount remaining, 

Ethylene glycol is more expensive 
than alcohol, but it has the advantage 
of not boiling away, and may even be 
left in the radiator all year round. 
Commercial antifreeze solutions of 
both kinds also contain a rust inhibitor 
which reduces the formation of scale 
in the system. 

749. How does the gasoline get 
to the engine? Neither liquid gaso- 
line nor gasoline vapor explodes. It is 
only when gasoline vapor is combined 
with air in the right proportions that 
we have an explosive mixture. Thus 
the gasoline in our tank must first be 
vaporized, then mixed with air, before 
it can be used in the engine. 

The carburetor is supplied witb 
gasoline from the tank by a fuel pump. 
The carburelor is the device used to 
make the explosive mixture for the 
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engine. An ideal carburetor would 
vaporize every drop of gasoline and 
mix it with enough air to burn the 
vapor completely. But such a carbure- 
tor is impossible for three reasons: 
(1) the composition of gasoline varies, 
and one sample may need 47 parts of 
air while another needs 60; (2) more 
gasoline is needed in the mixture at 
starting than when the engine is 
warm; and (3) the adjustment of the 
carburetor varies at different speeds. 
750. How does the carburetor 
work? Look at Fig. 820. One part of 
the carburetor consists of a gasoline 
well. This is kept filled to the level 
shown in the figure by means of a 
float which controls the needle valve 
at the end of the tube leading from the 
gas supply tank. When the engine is 
running, a partial vacuum is produced 
in the chamber shown in the figure. 
The throttle is opened. Air entering 
in the difection shown by the arrow® 
sweeps past the end of the nozzle and 
mixes with the gasoline vapor which 
is escaping from it. The space aroun! 
the nozzle is narrowed so that the air 


will have a greater velocity, much as 


in the Venturi meter, Fig. 168. An 
(Choke 
From fuel 
í pump 
Nozzle, H Shut-off valve, 
Venturi. T a 


Gasoline vapor 
and air 


porizes gasoline and 


Fig. 820. The carburetor va n! 
explosive mixture. 


mixes it with air to form an 
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auxiliary valve may be used to open 
automatically and admit more air 
when the engine is running rapidly. 

751. What is the purpose of the 
choke? Automobiles have a device, 
called a choke, which regulates the 
proportion of air and gasoline vapor 
entering the cylinders. It does this by 
controlling the intake of air. (See Fig. 
820.) 

On some automobiles, the choke is 
manually operated. On others, it works 
automatically, and is controlled by a 
thermostat regulated by the engine 
temperature. A mixture of gasoline 
vapor and air containing a larger 
proportion of gasoline vapor than is 
necessary for explosion is a rich mix- 
ture. One containing a larger propor- 
tion of air with respect to the amount 
of gasoline vapor is a lean mixture. An 
automobile operates most economically 
on the leanest possible mixture for 
proper engine performance. This, how- 
ever, cannot be used for starting the 
engine in cold weather. The choke is 
used to produce the richer mixture 
needed for starting. As soon as the 
engine is warmed up, though, the choke 
button should be pushed back in. 
Otherwise an unnecessary waste of 

asoline results, and the engine cylin- 
ders may be fouled. Automatic chokes 
are turned off mechanically as soon as 
the engine reaches a predetermined 
operating temperature. 

752. What part of an automobile 
is the chassis? By the chassis we 
mean the frame to which the body and 
the wheels are attached, and the vari- 
arts of the drive mechanism. 
There are a few features of the chassis 
that are important in providing com- 
fort and safety while you are riding. 
The engine is cushioned to prevent 


vibration, and is placed in the frame 
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to lower the center of gravity of the 
car, (See Section 147 and Figs. 185 and 
186.) The whole frame is as low as 
possible to keep the car from being 
top-heavy. The under side is quite 
often given a plastic composition coat- 
ing to keep moisture and dirt from 
corroding metal parts, and to help 
reduce road noise. All springs and 
lubricated parts are sealed to keep out 
dirt. 

753. What is the plan of the 
drive mechanism? If we were to saw 
a car through the center from front to 
back, we might have something like 
Fig. 821. In the front we have the 
radiator, with the fan as a part o the 
cooling system immediately behind it. 
Then we have the engine, mounted on 
rubber pads and fastened securely to 
the frame, Beneath the engine is the 
crankshaft, and fastened to the engine 
is the carburetor. At the rear end 0 
the crankshaft, which is mounted in 
several bearings to reduce vibration, 
we find the flywheel. A clutch and 
transmission gears connect the crans- 
shaft with the drive shaft. The clutch 
and transmission gears may be manu- 
ally operated, or they may be one of 
the various types of automatic drive 
mechanisms. There are two universal 
joints in the drive shaft. These permit 
it to bend up and down, or from side 
to side. They are similar to the joints 
in our wrists, which allow freedom 
of motion in any direction. The drive 
shaft is connected through the dif- 
ferential gears to the rear axle. 

754, How does the cluteh work? 
The gasoline engine does n ; 
under load, as We Jearned in Section 
347. It must therefore be disconnected 
from the rest of the car while it 1s 
coming up to speed. After it has 
reached proper operating spee® it 
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must be smoothly connected to the 
transmission and drive shaft. The 
answer to this problem is the clutch. 
There are two general types of clutches 
used on automobiles today: the fric- 
tion clutch and the fluid clutch. 

1. The friction: cluich. Attached to 
the stationary shaft is a plate, or a 
series of plates, covered with a ring 
of “friction” material. This ring of 
friction material can be pressed up 
against the face of the flywheel by 
means of strong springs. A lever, op- 
erated by the left foot of the driver or 
by pneumatic action controlled by the 
accelerator, is used to engage or to 
disengage the clutch. If the clutch is 
disengaged, the clutch plate is pushed 
backward, disconnecting the crank- 
shaft from the drive shaft. Then the 
engine “idles” or runs without driving 
the car. In engaging the clutch, the 
springs push the clutch plate forward. 
It should slip a little as it is engaged 
gently, and then hold firmly. This 


clutch is used in starting the car, in 
and when shifting 


The fluid clutch 
ant part in most auto- 
matic drives. At the end of the crank- 
shaft there is a set of blades something 
like a water wheel. Facing this wheel 
is a second set of blades, mounted on 


is an import 


s Sales Corporation 


= Courtesy of the Cherrolet Motor 
Fig. 822. The clutch connects the engine to the 
drive shaft through the transmission. 
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the end of the transmission shaft. (See 
Fig. 823.) Both sets of blades are en- 
closed in a sealed housing filled with 
oil. As the engine picks up speed, the 
blades attached to the crankshaft 
through the flywheel set the oil in 
motion, and the moving oil turns the 
blades attached to the transmission 
shaft as it impinges upon them. Thus 
the power is transmitted from the 
crankshaft to the transmission. Modi- 
fications of the fluid clutch, called 
torque converters, even act to vary the 
speed of the drive shaft in such a 
fashion that transmission gears are not 
used at all in normal forward driving 
in some automobiles. 

755.. What is the transmission? 
A transmission is a set of gears con- 
necting the clutch and the drive shaft, 
by means of which the drive shaft 
speed may be altered without varying 
the engine speed greatly. (Refer to 
Section 223.) Manually operated trans- 
missions and some automatic drives 
have the conventional gearbox, shown 
in Fig. 824. This transmission system 
has three shafts: the pinion shaft and 
the drive shaft are both in the same 
straight line; the countershaft is al- 
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Fig. 823. A fluid clutch disassembled to show 
the interior blades, 
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Fig. 824. The transmission gears in neutral. 


ways connected at one end to the 
pinion shaft, and it may be connected 
by means of sliding gears with the main 
drive shaft. The pinion shaft is con- 
nected to the engine through the clutch 
and it makes the same number of 
revolutions per minute as the crank- 
shaft. Since the crankshaft is geared to 
the pinion shaft, it is always in gear 
and it turns when the engine is run- 
ning. The gear wheels Æ and F can 
be slid forward or backward along the 
drive shaft, which is square ar grooved. 
When they turn, the main shaft turns, 
too, 

The diagrams used for explanation of 
the operation of the transmission show 
the transmission in simplified form. Ac- 
tually it consists of beveled gears, cone 
gears, and gears with teeth cut in them 
at an angle to make them easier to mesh 
and provide quiet operation. These are 
the characteristics of the synchro-mesh 
transmission. (See Fig. 825.) 

Neutral. In starting the engine, the 
gearshift lever is at the position N of 
Fig. 826. The gears are then in the 
position as shown in Fig. 824. The 
pinion gear and the countershaft both 
turn. The drive shaft and the rear 
wheels do not turn, because the gears 
are not meshed with those of the coun- 
tershaft. f 

Low gear, When the driver dis- 
engages the clutch and pulls the gear- 
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Courtesy of the Gene ‘al Motors Corpors 


Fig. 825. Synchro-mesh transmission gears. 


shift lever back to position (1) of 
Fig. 826, he slides the gear Æ forward 
until it meshes with the small gear 
G on the countershaft. (See Fig. 827.) 
We have two gear reductions, AB and 
GE, and the car is in low gear. The 
power in this case is transmitted 
through A, B, G, and E to the drive 
shaft, as shown by the dotted lines. 
Second gear. As the gearshift lever 
is shoved into position (2), Fig. 826, 
it moves the gear wheel Æ backward, 
and at the same time moves F back 
until it meshes with the gear wheel 
H. (See Fig. 828.) The dotted lines 
show the power transmission through 
A, B, H, and F to the drive shaft. 
High gear. When the gearshift is 
pulled back to position (3) of Fig. 826, 
the gear wheel is pushed forward until 
it is locked to the pinion gear by means 


of teeth on the sides of the two gear 


Reverse (R) & 
Low gear (hs 


Fig. 826. H-shaped diagram to show 


(3) High gear 


gearshift. 


wheels. (See Fig. 829.) The drive is 
now directly through the crankshaft 
and the drive shaft to the rear wheels. 

Reverse gear. When the driver pushes 
the gearshift lever to the position 
R, Fig. 826, the sliding gear wheel 
E meshes with a small idler gear and 
the gear R. (See Fig. 830.) The three 
gears are Now meshed as shown in 
Fig. 831. You will observe that the 
crankshaft turns in the same direc- 
tion as before, but that the drive shaft 
turns in the opposite direction. The 
crankshaft itself is never reversed 
(Section 347). 

756. Automatic drives make car 
operation easier. There are now 
many types of automatic drive mech- 
anisms used in automobiles. These 
range all the way from a pneumatically 
operated friction clutch and gearbox 
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Fig. 827. Transmission in low gear. 
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Fig. 828. Transmission in second gear. 


to combinations of torque converters 
and special planetary gears. They are 
very complicated mechanisms. In most 
types of automatic drives, all that is 
necessary is to set the selector lever 
for “forward drive,” step on the ac- 
celerator pedal, and drive away. The 
automatic drive changes the ratio be- 
tween the speed of the crankshaft and 
the drive shaft to suit the required 
driving speed. Special adjustments 
must usually be made for parking and 
for reverse. Some makes of automobiles 
have a fourth forward speed called an 
overdrive. The overdrive mechanism 
automatically cuts in at predetermined 
forward speed to give more economical 
engine operation. In “overdrive” the 
crankshaft turns more slowly than the 
drive shaft. 

757. What is the differential? 
The transmission system is connected 
with the differential gears on the rear 
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Fig. 830. Transmission in reverse gear. 
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Fig. 829. Transmission in high gear. 


axle by means of two universal joints 
and the drive shaft. In going around a 
corner, the outer wheel of a car must 
travel faster than the inside wheel. 
Since the driving power of the engine 
is transmitted to the rear axle, a device 
must be used so that the two rear 
wheels will both drive together; and 
it must permit one wheel to travel 
faster than the other on curves. The 
differential, which is placed between 
the two parts of the divided rear axle, 
accomplishes both of these purposes. 
(See Fig. 832.) The driving pinion, A, 
which is attached to the drive shaft, 


3 -Counter clockwise 


==~Clockwise 


__--Counter clockwise 


Fig. 831. The countershaft and the crankshaft 
turn in the same direction as in the forwar 
speeds, but B, the idler gear, reverses the direc- 
tion of the drive shaft. 
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Fig. 832. Diagram of the differential gears. 


rotates the bevel gear, B, which is 
attached to the frame, F, and through 
the frame to the gears C and E. These 
parts must all rotate as a unit within 
the differential housing- On a straight 
road, the gears C and E do not rotate 
on their axes, but they are carried 


around with the frame, F. As they 


revolve with the frame, they turn the 


Fig. 


833. Differential and rear axle. 
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gears D and G at the same speed. 
These gears are attached to the inner 
ends of the divided rear axle. As they 
turn the axles, the rear wheels, which 
are rigidly attached to the other ends 
of these axles, drive the car. When the 
right axle turns faster than the left on 
a curve, then the gears C and E turn 
on their axes in opposite directions to 
compensate for the difference in speed 
of the two rear wheels. If one wheel 
stops, the other may continue to turn. 
A non-skid chain on one rear wheel is 
of no value on slippery roads. While 
one wheel grips; the other spins ar< yund 
rapidly but the car does not move 
Fig. 833 shows à sectional view of a 
rear axle with the housing cut away 
to show the differential. 

758. What are the parts of the 
ignition system? In the operation 
of a gasoline engine, the spark must 
occur at just the right time to ignite 
the explosive mixture (Section 347). 
It must also occur in the proper cyl- 
inder. To accomplish this, a limer and 
distribulor are used. A battery system 
with an jnduction coil produces the 
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spark needed for ignition. A storage 
battery, which is charged while the 
engine is running, supplies the neces- 
sary current. 

In Fig. 834, one terminal of the bat- 
tery is connected to the metal frame 
and to the engine; the other terminal 
is connected by means of the switch 
with the primary of an induction coil. 
The timer is used to “break” the cir- 
cuit in the primary and thus induce a 
high voltage in the secondary coil. 
(See Section 627.) One terminal of the 
secondary coil is grounded and the 
other terminal is connected to the 
rotor, one part of the distributor. As 
this rotor makes contact with the metal 
segment, the induced voltage is high 
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enough to cause a spark to leap across 
the gap between the two terminals of 
the spark plug in cylinder 2. 

The diagram shows how each of the 
four cylinders will fire in turn. As the 
cam, A, of the timer rotates, it will 
break the circuit four times during one 
revolution. The fiber ring is made of 
insulating material, but each one of the 
metal segments is connected with a 
spark plug. As the rotor turns in the 
direction shown by the arrow, a spark 
will be produced in spark plugs num- 
bered 2, 1, 3, and 4 in turn as it makes 
contact with the metal segments suc- 
cessively. Both the timer and dis- 
tributor are geared with the engine 
so that the timing will be perfect. 
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Fig. 834, A diagram of the ignition system, showing the use of the timer, coil, and distributor. 


2. The Airplane and Its Control 


759. The airplane is a heavier- 
than-air machine. A balloon or a 
dirigible rises because it is buoyed up 


by the air it displaces. The weight of 
the air displaced weighs more than the 
balloon or the dirigible (Section 90). 
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Courtesy of the Boeing Airplane Company 
hp. each. For the 


turbo-jet engines of 4000 


Fig. 835. Take-off of a Boeing Stratojet. It has six 
ds, it has 18 JATO (jet-assisted take-off) rocket units. 


take-off and emergency power needs, 


An airplane, however is heavier than 
air. It can’t rise unless it is pushed 
up by some forces which are developed 
by the power from the engine. In order 
to stay in the air, it must keep moving: 
760. What forces lift. an air- 
plane? In Section 141 we learned how 
an airplane is partially supported by 
the upward component of i 
striking the wing- Of course, the total 
lifting force must be greater 
weight of the air 
gravity), Or it can’t rise- 
will descend if such force at any time 
falls below the weight of the airplane. 
Airfoils cause the lift force. Wings are 


the main airfoils of a plane, but the tail 
assembly is another example. 

We have already studied Bernoulli's 
principle in Section 142. It applies 
both to liquids and gases. Now let 
us refer to Fig. 836 to see how it aids 
in supporting an airfoil or airplane 
wing. As the air streams underneath 
the airfoil, it is slowed up and its 
ressure is increased. As the air flows 
along the top surface of the wing, its 
speed is greater than that of the air 
þeneath the airfoil, and its pressure is 
decreased. Thus we have a lower pres- 
sure above the airfoil and increased 
pressure beneath it. A difference of 
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Fig. 836. The airstream created as the plane 
moves forward along the line xy is shown by 
the lines above and below the plane. 


only 2.5 ounces per square inch in air 
pressure will produce a lift force of 
more than 20 Ib. per square foot of 
wing surface, The pressure on the 
under surface of the airfoil contributes 
only one-fourth of the lift. The other 
three-fourths is caused by the reduced 
pressure on the upper surface. This 
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actually lifts the airfoil and the air- 
plane. 

761. What is the shape of an 
airfoil? Engineers have experimented 
in wind tunnels to determine how the 
shape of an airfoil affects the lift force. 
Many different shapes have been tried, 
from the flat wing to the curved wing. 
Experiments show that a curved wing 
is better, at least for most purposes. 
The amount of the curve of the surface 
of a wing is its camber. 

The propeller of an airplane is a 
group of airfoils. Each blade, as it 
whirls through the air, sets up the 
thrust force which is needed to pull 
the plane through the air. To do its 
work effectively, the blade of the 
propeller must have the proper amount 
of camber. Fig. 838 shows how the 


Fig. 837. Models of airplanes are used in many wind tunnels, but this one tests the actual planes 
themselves. A Navy Hell-Diver is mounted on supports here, preparatory to testing. Notice the 
two men in the picture to get an idea of the size of the equipment. 
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From Robinson, Middleton, Rawlins, and Phillips’ 
“Before You Fly” 


Fig. 838. The propeller is a revolving airfoil. 
Cross sections show how much the amount of 
camber varies fromthe root to the tip. 


amount of camber decreases from a 
point near the axis of the propeller to 
the tip of the propeller blade. 

762. What do we mean by the 
angle of incidence? A straight line 
from the leading edge of an airfoil to 
the trailing edge is called the chord. 
The wings of an airplane are attached 
to the fuselage in such a way that they 
make a slight angle with the longi- 
tudinal axis of the plane. Such an angle 
is called the angle of incidence. 

763. What is the angle of attack? 
In all kinds of flight, the direction of 
the relative wind is opposite to the 
movement of the airplane. In ordinary 
level flight, the wind is horizontal. But 
when the nose is tilted downward, the 
relative wind has an upward angle. 
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In taking off, when the nose of the 
plane is pointed upward, the relative 
wind has a downward direction. The 
angle between the chord of an airfoil 
and the direction of the relative wind 
is called the angle of attack. Of course, 
the angle of incidence for any given 
airplane is fixed, since the airfoils are 
rigidly attached, and their angle with 
the longitudinal axis doesn’t vary. The 
angle of attack, however, changes as 
the airplane ascends or descends. As 
an airplane is rising, the angle of at- 
tack is considered positive. 

The variations possible in the angle 
of attack are shown in Fig. 839. The 
lift force of a plane varies with the 
angle of attack. As a rule, it increases 
as the angle of attack increases. If it 
reaches too high an angle, known as 
the critical angle, then the airstream 
will no longer flow smoothly over the 
cambered surfaces of the airfoil, but 
the air will begin to burble, as shown 
in Fig. 840. The maximum angle of 
attack, at which burbling begins, var- 
jes with the design of the airfoil. It is 
about 25° for most airplanes. At that 
angle at which burbling begins, the 
airplane reaches its stalling angle. If 
a pilot then wishes to regain flying 
speed, he must tilt the nose of his plane 


Medium angle 
of attack 1G 


High angle 
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Kip, 


beyond burble > 
point 


Rawlins, and Phillips’ “ Before You Fly" 
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From Robinson, Middleton, Rawlins, and Phillips’ “ Before You Fly” 


Fig. 840. The effect of a high angle of attack (A) on the pressure above and below the airfoil, and 


(B) on the burbling. 


downward until it gains enough speed 
to restore lift. 

704. What is airflow, or stream- 
lining? A fish is shaped so that it can 
glide through the water easily. Stream- 
lined trains (See Fig. 191), automo- 
biles, and airplanes show that engineers 
are beginning to design moving ob- 
jects in such a way that they offer less 
resistance to the wind. Higher speeds 
make such designs imperative, because 
the air friction increases as the square 
of the velocity. Formerly, many struc- 
tural parts of an airplane were round 
in shape. But experiments show that 
streamlining reduces wind resistance 
(See Fig. 841). Notice the streamlining 
of the airfoils, the fuselage, the engine 
mountings, and the empennage in the 
commercial plane of Fig. 843. The 
empennage includes the stabilizer and 
elevators, the rudder, and the fin, 

765. How is an airplane stabi- 
lized and controlled? Before a plane 
can rise, it must taxi along on the 
ground until it gains enough speed so 
the lift force at a small angle of attack 
will become slightly greater than the 
weight of the plane and its load. Fig. 
842 shows the various parts of a plane, 
As the plane taxis along the ground, 
the elevators, which are attached to 
the rear edges of the siabilizer, are 
turned slightly downward to keep the 
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nose of the plane toward the ground 
until the proper flying speed is reached. 
The center of gravity of the plane lies 
in the body of the plane, just under 
the wing portions. Hence, the tail 
really acts as one end of a lever which 
may serve to tilt the nose of the plane 
either upward or downward, rotating 
the plane around its lateral axis. To 
keep the plane from being rotated too 
easily, and to keep it on an even keel 
while flying, there is a horizontal tail 
plane or stabilizer at the rear, The 
elevators, which are hinged to the rear 
edge of the stabilizer, are tilted up 


„Reduced pressure 


Fig. 841, Diagrams to show how the air streams 
around (a) a flat board, (b) a cylinder, and 
(c) a streamlined object. Each object is rep- 
resented as moving to the left. 
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Hg; 842. This labelled drawing of a small pla 
them. Learning these terms will help you to un 


and down when the pilot pulls the 
control stick backward or forward. 
When the plane gains enough speed 
to rise, the pilot pulls the control 
stick backward. Pulling the stick 
backward tilts the elevators upward. 
The incredsed force of the air against 
the upper surfaces of the elevators 
pushes the tail of the plane down an 
the nose up. The lift force increases 
with the increased angle of attack, 
and the airplane takes off. As the pilot 
shoves the stick forward, the elevators 
swing down and the air pressure on 
their lower surfaces pushes the tail up 
and causes the plane to nose down- 
ward, In this way, the upward or 
downward direction of the plane is 
controlled by means of the elevators. 
Some planes are equipped with a 
wheel in front of the pilot instead of a 
stick, This is used on large planes an! 
is known as the “Dep” control. 


A plane may be rotated about its 


vertical axis. Care must be taken to 
prevent the plane from being driven 
by gusts of wind from the side. At 
right angles to the stabilizer there isa 
vertical plane called the fin. This 
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increases the stability of the airplane. 
Hinged to the rear edge of the fin is 
the rudder. When the pilot moves the 
rudder to the right, the airplane swings 
toward the right, just as the rudder of 
a boat swings the stern from side to 
side and controls the direction of the 
boat. 

We all know that a car rounding a 
curve at high speed may skid outward 
because of centrifugal force. An air- 
plane rounding a curve may also skid 
outward. In fact, its tendency to do so 
is greater than that of a car. This is 
because the speed of a plane is so 
high and the air resistance against the 
side of the plane is much less than 
the friction of the tires of a car against 
the pavement. To prevent such skid- 
ding when rounding curves, ailerons 


are used. Hinged to the rear edge of 
each wing there is one aileron. When 
es the control stick to 


the pilot push 
the right in making a turn, the right 


aileron is pushed up and the left 
aileron is pulled down. Then the in- 
f the air above the 
hes that wing down at 


right wing pus 
the left wing is pushed 


the same time 


EISSN 


Courtesy of TWA 


Fig. 843. Airlines use the Constellation for flights to all parts of the world, 


up. Both motions tend to turn the 
plane up into a slanting position with 
one wing higher than the other. With 
the wings in such a slanting position, 
the air can react in accord with New- 
ton’s third law (Section 174). It can 
react not only against the edge of the 
wings and the side of the fuselage, but 
also against a large portion of the 
under side of the entire airplane, wings 
and all. This prevents skidding. 

If a pilot doesn’t bank the plane 
enough in rounding a curve, the plane 


may skid badly from the effect of 
centrifugal force. On the other hand, 
if he banks,too steeply, his plane will 
slip down from the effect of gravity. 

The wings, too, act as levers which 
may tend to make the plane roll from 
side to side. (Recall what you learned 
about levers in Sections 207 and 208.) 
An upward gust of wind acting against 
the right wing, for example, will push 
it upward and therefore the opposite 
wing will go downward. Such a tend- 
ency to roll may be counteracted to 


0 ee 
Courtesy of GE 


Fig. 844. The B-36 is a larger bomber than the B-29 used in World War Il. 
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some extent by elevating the tips of 
the wings. 

766. How are airplanes powered? 
Most airplanes have air-cooled radial 
engines of the general type shown in 
Fig. 164. This particular engine has 
eighteen cylinders staggered around 
the crankcase. It develops well over 
2000 horsepower, approximately one 
horsepower for one pound of weight. 

Fig. 845 shows the crankcase as- 
sembly of such an engine, and Fig. 846 
one of the cylinders. The cylinder head 
has a large number of closely spaced 
fins which are over 24 inches deep. 
They provide a cooling area of over 
2500 square inches for each cylinder 
head. The heat from the engine is con- 
ducted to the fins which radiate it to 
the surrounding air. The cylinder bar- 
rel also has a large number of fins Fig. 846. Cross section of a Cyclone cylinder. 
which add a further cooling area of T y 
almost 1100 square inches. Fig. g46 for example, the air 18 5° thin that a 
also shows the valves, piston, and 1000 hp. engine can only develop 


combustion chamber of a single cylin- 400 hp. If extra ar and oxygen are 
der. forced into the engine at high alti- 
767. How does the supercharger tudes, it may function Han thie effi- 
work? The supercharger has been ciency it has at lower sn Ki 3 
called the “iron lung” of the airplane The supercharger pus uae k: ti; 
engine. At an altitude of 25,000 feet, tional air into the engine. ti driv en 
by the engine itself or by exhaust 
gases. The two-speed supercharger at- 
tached to the Cyclone engine makes 
it possible for planes using it to fly 
at exceptionally high altitudes. There 
is less air resistance and higher speeds 
can be attained. The cabins of planes 
flying at high altitudes are always 
heated and pressurized. 
768. What instruments are used 
in piloting an airplane? Radio com- 
important in flying 


Courtesy of the Wright Aeronautical Corporation 


munication is very 
an airplane. Along a regular air route 
= y a pilot will be in communication with 

Courieay of the Wright Aan radio stations about every 15 minutes. 
ng o pe Sea ote Ci Fig. 847 shows how the radio range oF 
made of high-tensile alloy ste®'- 


autical Corporation 
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Courtesy of United Air Lines 


Fig. 847. The radio range or radio beam is used by airline pilots for "blind flying."’ Several hundred 
stations send out signals. When the pilot is on his course, or “on the beam,” he hears an unbroken 
sound, To one side of the beam he hears the Morse code letter “N,” and on the other the letter "A," 


Fig. 848. This is the instrument panel of the Constellation shown in Fig. 843. 


ELEVATION in FEET 
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Fig. 849. The terrain clearance indicator is an additiona 
4000 feet less than the elevation of the plane 


the terrain below, which in this case is 


beam is used by pilots to keep them on 
their course. If the pilot is flying in 
one of the two diagonally opposite 
quadrants, he hears the A sign in 
Morse code; if he is flying im one of 
the other quadrants, he hears the 
N signal. When he is on course to the 
station or “on the beam,” he hears 
the blended A and N signals, which 
make a continuous hum. 


Fig. 848 shows the instrument panel 


of a commercial plane. Some of the 
but this 


instruments are listed below, 
is only a partial coverage of those 
regularly used in flying. 

One of the instruments is an air- 
speed indicator. It is a sensitive pres- 


From Robinson, 


Middleton, Rawlin ee Phillips’ “ Before You Fly" 
| aid to pilots. It gives the elevation above 
above sea level. 


sure gauge graduated to read the speed 
with which the plane is moving through 
the surrounding air, Another instru- 
ment that must be used is the turn- 
and-bank indicator. By means of this 
the pilot can keep his plane headed in 
the proper direction and still keep on 
an even keel. T here is also an instru- 
ment measuring the rate of climb. If 
the pointer is at zero, the pilot knows 
that he is neither gaining nor losing 
altitude. 

An altimeter gives the height of the 
plane above sea level or the airport at 
its destination. Tt is an aneroid barom- 
eter made to read height (Section 65). 
But it does not register the height of 
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the plane above the land directly be- 
low. The ferrain-clearance indicator 
helps a pilot when he is flying over 
unfamiliar country. A small radio 
transmitter sends out a signal, and 
the clearance is determined from the 
time it takes the transmitted signal to 
return. This is shown in Fig. 849. 
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The tachometer shows the number of 
engine revolutions per minute. Other 
important instruments include a mag- 
netic compass, an air-distance recorder, 
and a clock. The clock is especially 
important to show how long the plane 
has been flying, or the elapsed flying 
time. 


How many of the following terms can you define or explain? 


The power plant Underslung High gear 
Antifreeze Streamlining Ignition system 
Choke Tail plane y Camber 
Neutral Octane number Elevators 
Second gear Chassis Fin 
Synchro-mesh transmission Drive mechanism Low gear 


QUESTIONS 


1. Why does the gasoline consumption 
of an automobile increase so rapidly at 
speeds above 35 miles per hour? 

2. What are the advantages of a greater 
number of cylinders in an automobile? 
What are the disadvantages? 

3. Where is Pascal’s Law demonstrated 
in an automobile? Is there any mechanical 
advantage? 

4. Why are organic liquids generally 
used as antifreeze in automobile radiators 
rather than salt or calcium chloride solu- 
tions? 

5. Explain how Bernoulli’s principle is 
utilized in an automobile carburetor, 

6. What are the advantages of a terrain 
clearance indicator over an altimeter? 

7. What is an automatic choke? How 
does it operate? 

8. How many forms of energy do you 
find illustrated in an automobile? 

9. What is an automatic clutch? What 
are its disadvantages? Are a gearshift lever 
and a clutch pedal necessary on a car 
equipped with an automatic clutch) 

10. How does a liquid clutch make driv- 
ing smoother? How does it prevent stalling 
of the engine at low speeds in high gear) 

11. Why must there be an induction coil 
in the ignition system of an automobile? 

12. Explain why it is dangerous to run 


an automobile engine in a garage without 
proper ventilation. 

13. How is an airplane supported since 
it is heavier than air? What keeps a non- 
rigid airship aloft? 

14. What is meant by camber? By angle 
of incidence? By angle of attack? 

15. How do you change the ailerons and 
rudder of an airplane in making a turn to 
the right? 

16. How is the lift of a wing increased 
during take-off and landing? 

17. Why is a supercharger necessary for 
higher engine efficiency at high, altitudes? 

18. Explain how you properly park an 
automobile parallel to the curb between 
two parked cars. 

19. As you are climbing a steep hill you 
are forced to stop your automobile at an 
intersection for a red traffic light. Explain 
how you release the brake, put the car in 
gear, and accelerate when the light changes. 

20. How often should an automobile be 
lubricated? How often should the oil be 
changed? 

21. What parts of an automobile should 
be checked regularly about once a week? 

22. How are airplane engines cooled? 
Why has this method been most generally 
adopted for commercial planes? i 

23. Why is the formation of ice on air- 
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plane wings dangerous? How is it removed 
in flight? 

24. What is meant by “flooding” the 
carburetor? If a carburetor becomes 
flooded, how should the condition be 
remedied? 

25. Why is it important that headlights 
be of the proper candle-power, and be 
properly focused? 

26. Some inner tubes have two air com- 
partments. If the outer one is punctured, 
or blows out, the inner one contains enough 
air so that the tire does not go completely 
flat. What would be the advantages of 
such a tube? 

27. What type of machine is an airplane 
propeller? 

28. What changes in automobile lubri- 
cation must be made every fall and spring? 

29. How should you start a car moving 
on an icy road? Will one chain be of any 
help? 

30, How has the stability of the modern 
automobile been increased? 

31. Discuss the transformations of en- 
ergy involved in starting and running an 
automobile. See the energy diagram, Fig. 
850. 

32. Why is it desirable to depress the 
clutch pedal when starting an automobile 
on cold winter mornings? 


Dept. of Extension &@ A 


ASL Engine friction 5.65% 
N Engine, full power 20.8% — = 


Nrs ssy Transmission friction 
— 


N Soros SSSSESSESSSSSSSSISSS Rear tires 3.7% 
SS 


UF ™ 


IIMA resistance 7.1%% 


Excess power for acceleration, 
hill, ete. 5.4% 


SSLLLESISLS LS 


Fig. 850. An energy diagram for an automobile 
traveling about 40 miles per hour. 
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FORMULAS 


1. Density. 
d= 


d is density; m, mass; and v, volume. 


2. Liquid Pressure 
p = hê. 

p is pressure; h, the depth of the liquid; 
and d, the density. 

3. Total Force. 

F = Ahd. 

F is the force; A, the area of the surface; 
h, depth of liquid; and d, the density. 

4. Boyle's Law. 

p = pv. 

p is the original pressure; v, original 
volume; pf, new pressure; and v, new 
volume. 

5. Accelerated Motion. 

V =at, or V = gt. 

V is the velocity at the end of any given 
second; t, time; @, acceleration, or 9, 
acceleration due to gravity. 


6. Accelerated Motion. 

s = hal, ors = zgť. 

s is the distance for any given number of 
seconds; t, time; @, acceleration, Or 9; 
acceleration due to gravity. 

7. Accelerated Motion. 

s = 4a(2é— 1), or s = gt — 1). 

s is the distance a body moves in any 
given one second; £, time; a, acceleration, 
or g, acceleration due to gravity. 

8. Accelerated Motion. 

V = V2as, or V = 

V is velocity at the end of any given 


second; s, the distance; 4, acceleration, or 
g, acceleration due to gravity. 


2gs. 


9. Force and Acceleration. 
F:w=a:g. 
F represents the force; w, the weight; 
a, the acceleration; and g, the acceleration 
due to gravity. 


10. Force and Acceleration. 
F = ma. 


F is the force; m, the mass; and a, the 
acceleration. 


11. Pendulum. 
t:€= Vl: VV. 
l and ť represent the times of vibration; 


Land I’, the lengths of the pendulums. 
12. Pendulum. 


t= 2m/!. 
g 


t represents time; l, length of the pendu- 
lum; and g, the acceleration due to gravity. 


13. Cenirifugal Force. 
v2 
C.F. (in dynes) = = 
m is the mass in grams; V, velocity in 
centimeters per second; r, the radius in 
centimeters. 


14. Cenirifugal Force. 


y? 
CF. (in pounds) = “—- 


gr 

w is the weight in pounds; V, velocity 
in feet per second; g, acceleration due to 
gravity in feet per second per second; and 
r, the radius in feet. 


15. Work. 


W = Fs. 


W represents the work; F, the acting 


force; and s, the distance the force acts. 


By i 
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16. Power. 
Fs 
Do aes 
F is force in pounds; s, distance in feet; 
and ¢, time in seconds. 


17. Potential Energy. 
P.E. = wh. 
w is the weight; h, the height. 


18. Kinetic Energy. 
K.E. = mV? 
m is the mass; V the velocity. 


19. Work Principle. 

E X De = R X Dr. 

E is the effort; De, distance the effort 
moves; R, resistance; and Dy, distance the 
resistance moves. 

20, Lever. 

EF 
RF 

EF is length of the effort arm; RF, 
length of resistance arm. M.A. is mechan- 
ical advantage of force. The advantage of 


speed in machines is always the inverse 
ratio of the mechanical advantage of force. 


21. Pulley. 


M.A. = 


Enr = R. 


E is the effort; n, the number of strands 
supporting the movable block; R, the re- 
sistance. 


22. Wheel and Axle. 
M.A. = £ or D or R 
c d F 
C, D, and R are the circumference, 
diameter, and radius of the wheel; c, d, 
and r, the circumference, diameter, and 
radius of the axle. 


23. Inclined Plane. 
l 


M.A. = T 
l is the length of the plane; h, height of 
plane (Force applied parallel to plane). 


b 


b is length of base; k, height of plane 
(Force applied parallel to base of plane). 


24. Screw. 


r is radius effort acts upon; d is interval, 
or distance between threads of the screw. 


25. Temperature Scales. 
C 5 
F-32 9 
C and F are the Centigrade and Fahren- 
heit thermometer readings. 


26. Boyle's and Charles’ Laws. 
po pv’ 
T 
p, v, and T are original pressure, volume, 
and Absolute temperature; p’, v, and T’ 
are new pressure, volume, and Absolute 
temperature. 


27. Coefficient of Linear Expansion. 
Trel 
AET 

l and l’ are the lengths before and after 
expansion; ¢ and ¢’, original and final tem- 
peratures. 

28. Heai Exchange. 

mst = m’s't’. 

m, s, and £ are the mass, specific heat, 
and change of temperature in Centigrade 
degrees of the substance losing heat; m’, 
s’, and t’, the mass, specific heat, and 
change of temperature of substance gain- 
ing heat. 

29. Wave length. 

Ve nl. 

V is the velocity; n, the number of vi- 
brations per second, or the frequency; J, 
the wave length. 

30. Size of Object and Image. 

So: Si = Do: Dj. 

So and S; are the sizes of object and 
image respectively; Do and Dj;, distances 
of object and image from the mirror or lens. 


31. Lens Formula. 


Do and Dj are the object and image dis- 
tances; F, the focal length. 


' 


32. Ohm's Law. 
f= 


mI 


I is the current in amperes; Æ, the 
electro-motive force, potential difference, 
or voltage; and R, the resistance in ohms. 


33. Resistance. 
Kl 


R= 


K is the constant for the material; J, the 
length in feet; d, the diameter of the con- 
ductor in thousandths of an inch, or mils. 

34. Cell Formula. 

ee 

retri 

I is the current; E, the voltage; re, the 
external resistance; ri, the internal resist- 
ance of the cell. 

35. Series Grouping. 

= nE . 

Te + nri 

I is the current; n, the number of cells; 


E, the voltage; re, the total external re- 
sistance; ri, the internal resistance of a 


single cell. 
36. Parallel Grouping. 
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oe letters are the same as in Formula 


37. Electric Heating. 
Calories = FPR X t X 0.24. 


I is the current; R, the resistance; and 4, 
the time the current flows, in seconds. 


38. Shunt Resistance. 
ook A rr 
Daa n ETA 
R is the total resistance; r and z’, the 
resistances of the branches of the shunt. 


39. Capacitive Reactance. 
1 
Xe = 2nfC 
f is the frequency; C, the capacitance 
in farads, or c, the capacitance in micro- 
farads. 


159,000 
» Or Xe = Te . 


40. Inductive Reactance. 
Xz, = 2afL. 
f is the frequency; and L, the inductance 
in henrys. 


41. Ohm's Law for A.C, 

E, 

Z 

I is the current; Æ, the voltage; and Z, 


the impedance. 
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TABLE 1.— USEFUL NUMBERS 


164 ft. = 1rd. 

5280 ft. = 1 mi. 
9 sq. ft = 1 sq. yd. 
27 cu. ft. = 1 cu. yd. 

231 cu. in. = 1 gal. 


1 Ib. avoir. = 7000 gr. 

l oz. avoir. = 437.5 gr. 

1 cu. ft. of water weighs 62.4 Ib. ~ 
Circumference of a circle = 2ar 
Surface of sphere = Arr? 


3 ft. 


TABLE 2. — METRIC-ENGLISH EQUIVALENTS 


320 rd. = ] mi. 
144 sq. in. = 1 sq. ft 
1728 cu. in. = leu. ft 
2150.4 cu. in. = l þu. 
60 mi. per hr. = 88 ft. per sec. 
1 lb. Troy = 5760 gr. 
1 oz, Troy = 480 gr. 
T = 9,86965 
Area of circle = mr°, or 4nd? 
Volume of sphere = $ra’ 
Tft: = 30.480 cm. 
l mi. = 1.6094 km. 
lem. = 0.3937 in. 
im. = 3.2808 ft. 
lsq. cm. = 0.155 sq. in. 
lou. in. = 1€.3872 cc. 
lkg. = 2.2046 Ib. 
lg. = 15.432 gr. 


TABLE 3.—SPECIFIC GRAVITY OF SOLIDS 


lin = — 2.5400 cm. 

lmi. = 1609.4 m: 

lmm. = 0.03937 in. 

lm. = 39.3700 in. ~ 

Lm. = 1.0936 yd. 

l sq. in. = 6.4525 sq. cm. 

llb. = 453.592 g. 

Loz = 28.3495 g. 

AOM e Ee Ue ees, 2.7 
BebAWAK Vos Shika scecs cae 0.96 
BRASS eit Sra A a aes. 8.2-8.7 
PER N: ee AE AE o Ty 1.6-2.0 
BTOUZE teats A O Aona 8.7 
DALE EAn R ees a 0.94 
Carbonat a e wee cs 2 1.7-3.5 
CHORTA es e AA Ea Oaa sins « a6 0.61 
Coal, anthracite............ 1.26-1.8 
Coal, bituminous. .... . 1.26-1.4 
GONDO is a VEn e E a aed 8.9 
CORE its e a at 0.24 
Dismond o r e E > 37 3.53 
o AA E E AA 0.58 
‘Glass; orowan A AN a, sasian 2.5 
Glass; Mint a e AE ne SG 
CO a AEE A to scenic ee 19.3 
Gold, 18k. o aene aa a ce AAGE 
Granite... E a A 2.65 
Graphite... is ane a a E 255 
Human body ii cenit ascincse he 1.07 


Toa in Me aes sa vedere i 0.917 
TRON ICASE A Ie fies acetone TIA 
RONG SECC: sieeve sc. iiaea 7.83 
Iton wrought... occse 7.7-7.9 
DERITA Aae 11.34 
IR aiten et: C A E 1.33 
TIMORPONE Se A o easi « 318 
MARDER eraa siian « oeta 1.74 
WOT) bine e S 0.755 
MaE A S T 4 4, vac! 2.93 
WUE see etl OEA 0.85 
Oras, oF hye saroi 0.824-0.94 
RING Gy Pe salts oi fake aaa. 4 0.46-0.55 
EAEN a E anpa n aA a 21.5 
ROPA n a E an a aiena te 2.38 
a A a E A A icra tccas seats 10.5 
Silver, sterling................ 10.38 
NT ane, A LA a EA 2.0 
A S i s Nre da Sree 7.3 
ACCP (ae eee a ee 19.3 
LSS cE ROR, Sat ene TA 


Alcohol, grain 
Alcohol, wood... . 
Carbon bisulfide 
Carbon tetrachloride 
Chloroform 


Glycerin 
Hydrochloric acid. ....-.- 
Kerosene 


APPENDIX B 


TABLE 4.—SPECIFIC GRAVITY OF LIQUIDS 


0.794 Mercury 

0.789 Milk.. 

1.27 

1.60 Oil, castor 

1.50 Oil, cottonseed 

0.72 Oil, linseed. . . 

0.68-0.71 Oil, olive. ....... 

1.26 Sulfuric acid 

wating Turpentine 
0.778-0.804 Water, sea 
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TABLE 5. — CAPACITY OF AIR IN GRAINS OF WATER 


VAPOR PER CUBIC FOOT 


Dec. | GRAINS PER || DEG. | GRAINS PER Dec. | GRAINS PER 
F. | Cusrc Foor || F. | Cusic Foor Cunic Foor 
10 0.776 46 7.009 
20 1.235 48 7.480 
30 1.935 50 7.980 
32 2.113 52 8.508 
34 2.279 54 9,066 
36 2.457 56 9.655 
38 2.646 58 10.277 

92.849 10.934 
11.626 
12.356 


Dec. | GRAINS PER 

F. | Cume Foor 
86 13.127 
88 13.937 
90 14.790 
92 15,689 
94 16.634 
96 17.626 
98 18.671 
100 19.766 
1102 20.917 


22.125 


Bomine | Heat OF Hear or Va- 
Pont Fusion PORIZATION 
ele on ea 
78° C. 205 
2200 76.8 
— 33.5 108 295 
2310 42 
80 
2450 28 
1525 5.8 
357 28 
27.2 
1952 21 
100 540 
918 
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TABLE 7.— TENSILE STRENGTH 


POUNDS PER 


Pounps PER 


Marentan SQUARE ĪNcH MarTERIAL SQUARE Inca 
Aluminum...... 30,030-40,000 Tron, piano wire 357,000-390,000 
Brasse eeni 50,000-150,000 Lead, drawn... . 2600-3300 
Bronze wire Platinum, drawn 50,000 

phosphor..... 110,000-140,000 Silver, drawn... 42,000 
Copper, drawn. . 60,000—70,000 Steel, ordinary. . 80,000-330,000 
Tron, annealed . . 50,000-60,000 Steel, maximum 460,000 
Tron, hard drawn 80,000—120,000 


L 


TABLE 8.— VELOCITY OF SOUND IN VARIOUS MEDIA 


(APPROXIMATE) 

MATERIAL eas MATERIAL LT R 
AMS ee 1,090 | En Or ror ee ee 16,500 
Aluminum....... 16,750 fac’ Op ee re ha 16,500 
Base eta 11,500 Water AAG ne be ae 4,590 
Coppers... eee 12,000 Water 5G. «ccc. esa i 4,615 
E irs aero 16,500 Wood, along grain........ 14,300 
Hydrogen........ 4,163 Wood, across grain....... 12,600 


TABLE 9,— VAPOR PRESSURE OF WATER IN MILLI- 
METERS OF MERCURY 


DEGREES 


figs MiLuMmerters c MILLIMETERS DEE MILLIMETERS 
0 4.5 23 20.9 60 148.9 
5 6.5 24 22.2 70 233.3 
10 OT 25 23.5 80 354.7 
15 12.7 26 25.0 85 433.1 
16 13.5 27 26.5 90 525.4 
17 14.4 28 28.1 95 633.7 
18 15.3 29 29.8 96 657.7 
19 16.3 30 31.5 97 682.1 
20 17.3 35 41.6 98 707.3 
21 18.5 40 54.8 99 733.2 
22 19.6 50 92.0 100 760.0 


TABLE 10. — COEFFICIENT OF LINEAR EXPANSION 
(PER CENTIGRADE DEGREE) 


Quartz...... 0.0000005 Iron..... 
Inv 5 <a 0.0000009 Steel. ... 
Pyrex: . oss: 0.000003 Gold... 
PEE 5:35.54 0.000009 Copper 
Platinum.... 0.000009 Brass. 


. 0.000011 Silver 0.000019 
. 0.000013 TEA eria 0.000021 
-0.000014 Aluminum. ... 0.000023 
0.000017 ZE esmis 0.000029 
0.000019 Leads ficcis.s 0.000029 
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GRAMS PE FR 

DRONEES R GRAMS PER | GRAMS PEI 

Cusic CENTI- DronrEs Cusic CENTI- = Cunic Cane. 

METER j METER ; METER 

0 0.99987 15 0.99913 60 0.98324 
1 0.99993 20 0.99823 65 0.98059 
2 0.99997 25 0.99708 70 0.97781 
3 0.99999 30 0.99568 75 0.97489 
4 1.00000 35 0.99406 80 0.97183 
5 0.99999 40 0.99225 85 0.96865 
6 0.99998 45 0.99025 90 0.96534 
8 0.99987 ` 50 0.98807 95 0.96192 
10 0.99973 55 0.98573 100 0.95838 


TABLE 12. — NATURAL SINES AND TANGENTS 


Anate | Sne | TANGENT Ance | Sme | TANGENT || ANGLE Sine | TANGENT 
0 0.000 0.000 31 0.515 0.601 62 0.883 1,881 
0.017 0.017 32 0.530 0.625 63 0.891 1.963 
2 0.035 0.035 33 0.545 0.649 64 0.899 2.050 
3 0.052 0.052 34 0.559 0.675 65 0.906 2.145 
4 0.070 0.070 35 0.574 0.700 66 0.914 2.246 
5 0.087 0.087 36 0.588 0.727 67 0.921 2.356 
6 0.105 0.105 37 0.602 0.754 68 0.927 2.475 
y 0.122 0.123 38 0.616 0.781 69 0.934 2.605 
8 0.139 0.141 39 0.629 0.810 70 0.940 2.747 
9 0.156 0.158 40 0.643 0.839 71 0.946 2.904 
10 0.174 0.176 Al 0.656 0.869 12 0.951 3.078 
11 0.191 0.194 42 0.669 0.900 13 0.956 3.271 
12 0.208 0.213 43 0.682 0.933 74 0.961 3.487 
13 0.225 0.231 44 0.695 0.966 15 0.966 3.732 
14 0.242 0.249 45 0.707 1.000 76 0.970 4.011 
15 0.259 0.268 46 0.719 1.036 17 0.974 4.331 
16 0.276 0.287 AT 0.731 1.072 78 0.978 4.705 
17 0.292 0.306 48 0.743 1.111 79 0.982 5.145 
18 0.309 0.325 49 0.755 1.150 80 0.985 5.671 
19 0.326 0:344 50 0.766 1.192 81 0.988 6.314 
20 0.342 0.364 51 0.777 1.235 82 0.990 7.115 
21 0.358 0.384 52 0.788 1.280 83 0.993 8.144 
22 0.375 0.404 53 0.799 1.327 84 0.995 9.514 
23 0.391 0.424 54 0.809 1.376 85 0.996 | 11.43 
24 0.407 0.445 55 0.819 1.428 86 0.998 | 14.30 
25 0.423 0.466 56 0.829 1.483 87 0.999 | 19.08 
26 0.438 0.488 57 0.839 1.540 88 0.999 | 28.64 
27 | 0.454 | 0.510 58 | 0.848 | 1.600 89 | 1.000 | 57.29 
28 0:469 0.532 59 0.857 1.664 90 1.000 | Infinity 
29 0.485 0.554 60 0.866 1.732 
30 0.500 0.577 6l 0.875 1.804 


viii APPENDIX B 


TABLE 13.— RELATIVE CONDUCTIVITY OF HEAT 


Salven bali o.4<5.05 100 German silver.... 7-8 Magnesia....... 0.016 
Coppersicc.se.... 92 Mercury 1.6 Paper: ssam. 0.013 
Aluminum........ 48 Concrete......... 0.22 Sawdust........ 8:012 
AO NTA 27 Gla 2-555. 0.11-0.23 Wool oaae t 0.010 
Prasa RAN ak 21-28 Sand, white...... 0.09 Sie dessas 00095 
Platinum......... 17 Asbestos......... 0.04 Felt erranari 0.0087 
TEOM S anua IA 15 PO AEV: locen 0.033 e AEE 0.005 
SiE, SaF 6-11.7 Firebrick........ 0.028 Cotton wool.... 0.0043 
TCA ene. wesc ihe ioe 8 Winey sash os 0.021 
TABLE 14.— INDEX OF REFRACTION 

Aleokokaam tees 1.36 | Diamond.......... 2.47 | Olive oil..... 1.47 
Canada balsam... .. . 1.52 Glass, crown....... 1.52 Opal ces ceva MAS 
Carbon disulfide... . . 1.62 Glass, flint. ... 1.54-1.94 Water... 5 sis 1.33 
Cotton-seed oil....... 1.47 

TABLE 15.— VALUE OF K, OR SPECIFIC RESISTANCE 
Silvers. celts 9:74 Platinum insid. 58.8 Manganin.... 251-450 
Copper.......... 10.38 TOWN. a EN « G40 Mercury........ 616.5 
Aluminum...... {17.4 German Silver. 125-196 Nichrome........ 660 


TABLE 16.— HYGROMETRY 


Dry THER- 


DIFFERENCE BETWEEN DRY-BULB AND Wet-BULB THERMOMETERS 


MOMETER, 
s Dae or kar RO T BS 195 LOR | UTS Tae | 13° | 18° | “15? 


50 93 | 87 | 81 | 74 | 68 | 62 | 56 | 50 | 44 | 39 | 33 | 28 | 22 | 17 | 12 
52 94 | 88 | 81 | 75 | 69 | 63 | 58 | 52 | 46 | 41 | 36 | 30 | 25 | 20 | 15 
54 94 | 88 | 82 | 76 | 70 | 65 | 59 | 54 | 48 | 43 | 38 | 33 | 28 | 23 | 18 
56 94 | 88 | 82 | 77 | 71 | 66 | 61 | 55 | 50 | 45 | 40 | 35 | 31 | 26 | 21 
58 94 | 89 | 83 | 77 | 72 | 67 | 62 | 57 | 52 | 47 | 42 | 38 | 33 | 28 | 24 
60 94 | 89 | 84 | 78 | 73 | 68 | 63 | 58 | 53 | 49 | 44 | 40 | 35 | 31 | 27 
62 94 | 89 | 84 | 79 | 74 | 69 | 64 | 60] 55 | 50 | 46 | 41 | 37 | 33 | 29 
64 95 | 90 | 85 | 79 | 75 | 70 | 66 | 61 | 56 | 52 | 48 | 43 | 39 | 35 | 31 
66 95 | 90 | 85 | 80.| 76 | 71 | 66 | 62 | 58 | 53 | 49 | 45 | 41 | 37 | 33 
68 95 | 90 | 85 | 81 | 76 | 72 | 67 | 63} 59 | 55 | 51 | 47 | 43 | 39 | 35 
70 95 | 90 | 86 | 81 | 77 | 72 | 68 | 64 | 60 | 56 | 52 | 48 | 44 | 40 | 37 
72 95 | 91 | 86 | 82 | 78 | 73 | 69 | 65 | 61 | 57 | 53 | 49 | 46 | 42 | 39 
74 95 | 91 | 86 | 82 | 78 | 74 | 70 | 66 | 62 | 58 | 54 | 51 | 47 | 44 | 40 
76 96 | 91 | 87 | 83 | 78 | 74 | 70 | 67 | 63 | 59 | 55 | 52 | 48 | 45 | 42 
78 96 | 91 | 87 | 83 | 79 | 75 | 71 | 67 | 64 | 60 | 57 | 53 | 50 | 46 | 43 
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TABLE 17.— PROPERTIES OF COPPER WIRE 


GAUGE Diameter, | Ons PER 1000 | Oums per 1000 Feer ren Ons 
NUMBER Mus Feer ar 0°C. Feer ar 20°C. | 20° C. 
0000 460 0.04516 0.04901 20,400 
000 409.6 0.05695 0.06180 16,180 
00 364.8 0.07181 0.07793 12,830 
0 324.9 0.09055 0.09827 10,180 
289.3 0.1142 0.1239 8,07 
2 257.6 0.1440 0.1563 6,400 
3 229.4 0.1816 0.1970 5,075 
4 204.3 0.2289 0.2485 4,025 
5 181.9 0.2887 0.3133 3,192 
6 162.0 0.3640 0.3951 2,531 
7 144.3 5 0.4590 0.4982 2,007 
8 128.5 0.5988 0.6282 1,592 
9 114.4 0.7299 0.7921 1,262 
10 101.9 0.9203 0.9989 1,001 
1l 90.74 1.161 1.260 794.0 
12 80.81 1.463 1.588 629.6 
13 71.96 1.845 2.003 499.3 
14 64.08 2.327 2.525 396.0 
15 57.07 2.934 3.184 314.0 
16 50.82 3.700 4.016 249.0 
17 45.26. 4.666 5.064 197.5 
18 (40.30 > 5.883 6.385 156.6 
19 « 35.89 1.418 8.051 u 
20 31.96 9.355 10.15 a 
21 28.45 11.80 12.80 Wu 
22 25.35 14.87 16.14 a 
23 22.57 18.76 20.36 oe 
24) 20.10 23.65 ane an 
25 17.90 29.82 aT SEA 
26 15.94 37.61 ae E 
27 14.20 47.42 Ia BA 
T 2o SEA 8183 12.22 
22 12 ae 103.2 9.691 
30 10.03, 95,08 ti reas 
31 8.928 119.9 Sal oe 
32 7.950 151.2 a aaa 
33 7.080 190.6 309 3.833 
34 6.305 240.4 FA ; 3040 
E pO poly 41438 2411 
36 5.000 382.2 et 3 rote 
37 4.453 482.0 P ree 
38 3.965 607.8 a s 
39 3.531 766.4 an ats 


APPENDIX B 
TABLE 18.— LENGTH OF LIGHT WAVES 


Longest visible wavelength. ... . 8100 A (CC es rn ae 5200 A 

ROCA IS aa i aE: ES ert, 6500 Bluish-green......... 5000 A 

Reddish orange................ 6400 A Blue sists csi: 4700 A 

OTON See nc saint recon 6000 A Tdp aaeh 4300 À 

AEI ar A E AA P 5800 Å AATU DA E 4100 Å 
Shortest visible wavelength... . 3900 Å 


TABLE 19. — NUMBER OF GRAMS LIBERATED PER 
AMPERE PER SECOND 
(ELECTRO-CHEMICAL EQUIVALENTS) 


0.00008295 


Aluminum...... 0.000093 Oxygen 

Chlorine........ 0.000368 Potassium...... 0.0004054 
Copper......... 0.0003294 DIMER succes i! 0.001118 
Hydrogen....... 0.0000105 SORUM eros e 0.00023845 


Magnesium..... 0.000126 Ai at eck 0.0003389 


INDEX AND GUIDE TO TERMS—— 


Page references for definitions or meanings of words and terms are cited first and in bold- 


face type. Italics indicate an illustration. In many cases the topic, too, is to be found within 


the text on that page. 


Aberration, 339; chromatic, 397; remedies 
for spherical, 348-349, 361; spherical in 
lenses, 361; spherical in mirrors, 348 

Absolute humidity, 252 

Absolute scale, relation to Centigrade scale, 
226 

Absolute temperature, 226 

Absolute zero, 226-227 

Absorb, 91 

Absorption, of gases, 104-105; of heat, 268; 
of light, 327-328, 395; by liquids, 104-105 

Absorptive spectra, 395 

Accelerated motion, laws of, 139-141 

Accelerating anode, 540 

Acceleration, 138, 139; due to gravity, 142; 
uniform, 140 

Accelerator, 138 

Accommodation, power of, 365 

Achromatic, 388 

Achromatic lenses, 397 

Acidimeter, 45 

Aclinic line, 414 

Acoustic, 289; properties of buildings, 296 

Adam’s apple, 315 

Adapter, for color television, 558 

Adhesion, 96, 101 

Adsorption, 91; of gases, 104; by solids, 104 

Aerial, of crystal receiver, 546 

A.f. amplifier, 547 

Agonic line, 413 

Ailerons, 603 

Air, buoyancy of, 82; capacity of, 252; com- 
pressed, 71-73; liquid, 248, 250-251; mois- 
ture in, 252-253; molecules in liter of, 5; 
pressure of, 50; water vapor capacity of, 
see Appendix B; weight of, 49 

Air brake, Westinghouse, 71,72. 

Air conditioning, 262 

Air cushion, in water pipes, 86 

Air masses, fronts of, 60 

Air pump, 52 

Airflow, 602 

Airfoils, 599, 124; angle of attack of, 601; 
angle of incidence of, 601; critical angle of, 
601; shape of, 600-601 t 

Airplane engines, 123, 605; horsepower 0f, 


605 


Airplanes, 120-124, 598-608; ailerons, oo 


B-36, 604; Boeing Stratojet, 599; center © 


xi 


gravity of, 602; Constellation, 604; control 
of, 602-605; diagram of, 603; fin, 603; 
first, 120; fuselage, 602; how supported, 
123-124; jet-propelled, 36, 122, 153; lifting 
force of, 599-600; navigation of, 605-608; 
Navy Hell-Diver, 600; radio compass navi- 
gation, 568; radio-controlled, 505; rudder, 
603; stabilization of, 602-605; Wright, 120, 
121 

Airports, radar installations at, 571 

Airships, 82, 83; Hindenburg, 82; Los 
Angeles, 82 

Air-speed indicator, 607 

Airstream, of airplane, 600 

‘Alcohol, coefficient of expansion, 224; heat 
of vaporization, 245; use in antifreeze 
solutions, 590 

Alcoholometer, 45 

Alfol, 259 

Alloy, 217 

Alnico magnets, 407 

Alpha particles, 573; cloud chamber tracks 
of, 578; produce ionization, 577; properties 
of, 576 

Alternating current, 504; conversion to 
D.C., 522, 559; use in power transmission, 
515-516; uses of, 522 

Alternating-current generator, 505-507 

Alternating current power, calculation of, 
521-522 

Altimeter, 56, 607-608 

Altitude, measurement of, 56 

Aluminum, extracted by electrolysis, 463 

Aluminum oxide, electrolysis of, 464 

AM and FM, 549-551 

AM band, 541 

AM broadcasting, 541-545; diagram of, 543 

AM receiving antennas, 545-546 

AM transmitter, operation of, 543 

Amber, and static electricity, 417 

Ammeter, 483; operation of, 485-486 ) 

Ammonia, heat of vaporization, 245; liquid, 
247 

Ammonium chloride, 

‘Ampere, 425, 417, 442 

Ampere-turns, 455 We 

Amplification, of voltages, 535-536 

Amplifier, 5273 a.f., 547; audio, 543, 547; 
puffer, 544; i.f., 5495 r.f., 547; tetrode, 539 


in dry cell, 441 


xii INDEX 


Amplifying action, of triodes, 534 
“Amplitude, of pendulum, 145; of sound 
waves, 293 
Amplitude modulated carrier signal, 549 
Amplitude modulation broadcasting, 
542-545 
Amundsen, Captain Roald, 413 
Analysis, 388; of light, 388; spectrum, 396 
Anastigmat, 364; lenses, 370, 371 
Aneroid, 49 
Aneroid barometer, 54, 55 
Angle, of attack, 601; critical, 356; of decli- 
nation, 413; of deviation, 352, 353; of inci- 
dence, 98, 339, 352, 356-357, 601; of re- 
bound, 98; of reflection, 339; of refraction, 
ə 392; visual, 367 
Angstrom, unit, 388, 389 
Annealing, 13 
Annular, 364 
Anode, 452; accelerating, 540; of electro- 
lytic cell, 460; focusing, 540 
Antenna towers, height of, 544 
Antennas, AM receiving, 545-546; built-in 
loop, 546; FM, 550; loop, 546; radar, 569; 
television receiving, 555, 556; television 
transmitting, 554-555; transmitting, 544 
Anti-cyclones, 59, 60 
Antifreeze, 590 
Antimony, solidification, 236 
Aperture, 344; effective, 370; relative, 370 
Apparent wattage, 522 
Aqueduct, Los Angeles, 27 
Arc, electric, 477-478 
Arc furnaces, 480 
Are lamp, 477-478 
Archimedes, 37 
Archimedes’ principle, 36-41; applications 
of, 40-41; testing, 37-38 
Argon, in gas-filled diodes, 530; in Tungar 
rectifier, 531; in tungsten lamp, 477 
Aristotle, 139 
Armature, 452, 503; of A.C. generator, 505; 
of electric bell, 457; of magnet, 411; sta- 
tionary, 507; of telegraph relay, 459; of 
telegraph sounder, 458; three-coil, 508 
Artesian well, 25-26 
Asbestos, 256 
Aspirating siphon, 86 
Aspirator, 68 
Astigmatism, 366 
Athermanous, 269 
Atmosphere, 49-65; height of, 62-63 
Atmospheric circulation, 264 
Atmospheric pressure, 52 
Atmospheric refraction, of light, 356 
Atom smashers, 580-581 
Atomic bomb, 7; at Bikini, 175; a chain 
reaction, 582 
Atomic bullets, 581 
Atomic number, 574 
Atomizer, 69, 68 


Atoms, 5; charged, 577; chlorine, 420; com- 
position of, 573-574; copper, 574; deute- 
rium, 574; helium, 574; hydrogen, 6, 420, 
573; neutral, 577; nucleus of, 573, 420; 
oxygen, 6, 574; radium, 578-579; sodium, 
420, 574; in sodium chloride, 421; sulfur, 
574; tritium, 574; weights of, 574 

Audibility, limits of, 309 

Audio amplifier, 543; purpose of, 547 

Audio signal, 543, 549 

Audio-frequencey, 309 

Audio-frequency amplifier, 547 

Auditory nerve, 309 

Automobile engines, 589-591; carburetor, 
590-591; choke, 591; compression ratio, 
589; cooling system, 589-590; in-line, 589; 
throttle, 591; V-type, 589, 590 

Automobile hoist, 34 

Automobiles, air resistance of, 160; auto- 
matic drives, 595-596; brakes, 34, 160; 
center of gravity of, 134, 593; chassis, 591, 
593; clutch, 593-594; construction of, 589- 
598; cooling system, 282; crankshaft, 594; 
diagram of, 592; differential gears of, 596, 
597; drive mechanism of, 593-597; drive 
shaft, 594; energy diagram, 609; generator 
of, 508; horn, 299; ignition system, 597, 
598; rear axle, 597; space required to stop 
at different speeds, 142; speedometer, 156; 
transmission gears, 594, 595, 596 

Axis, of lenses, 358-359; of mirrors, 344-345 

Axle and wheel, 187-188 j 

Azimuth, 293 


B-36, 604 

Babbitting, 161 

Bacchus’ experiment, 75 

Back E.M.F., produced by motor, 512 

Bacon, Roger, 368 

Baffle walls, 277 

Balance, beam, 113, 182; Rueprecht, 114; 
spring, 113 

Balance wheel, 221, 222; elinvar, 222 

Ball bearings, 161 

Ballast, in fluorescent lamps, 533 

Balloons, 82; height of ascension, 83 

Bar, compound, 224 

Barber’s chair, 34 

Barograph, 55 

Barometer, aneroid, 54, 55; cistern, 54; 
mercurial, 53, 54; self-recording, 55; uses 
of, 56-57 

Barometric pressure, 59 

Baroscope globe, 49 

Barton, Otis, 30 

Barton’s benthoscope, 28, 30 

Baseball, curving, 124 

Battery, automobile, 597-598; Edison stor- 
age, 468; lead storage, 466-468; nickel- 
cadmium, 468, 469; telegraph, 459; used in 
radio receivers, 548; uses of storage, 471 
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Bauxite, 464 

Beam balance, 113, 182 

Bearings, 161 

Beats, of sound, 303, 308-309 

Beaufort scale, 57 

Becquerel, Henri, 575 

Bel, 299 

Bell, Alexander Graham, 299, 516 

Bellows, hydrostatic, $8 

Bells, electric, 456, 457; vibration of, 314-315 

Belt transmission, 200 

Benthoscope, 28, 30 

Bernoulli effect, 124-125, 599 

Beta particles, produce ionization, 577; 
properties of, 576 

Betatron, 581 

Betelgeuse, 327 

Bicycle, mechanical advantage of, 195 

Bifoeals, 366 

Bikini, atomic bomb at, 175 

Binding post, of voltaic cell, 437 

Binocular, 352 

Binocular vision, 368, 376-377 

Binoculars, 377, 378 

Bismuth, solidification, 236 

Blankets, electric, 472 

Block and tackle, 186-187 

Boeing Stratojet, 599 

Bohr theory, 420 

Boiler efficiency, 276-277 

Boilers, fire-tube, 277; water-tube, 277 

Boiling, 2403 laws of, 243 

Boiling point, effect of pressure on, 241- 
242; of water, 241 

Bomb, atomic, 7, 175, 582; hydrogen, 584; 
rocket, 152 

Bore, 207 

Bourdon pressure gauges 24 

Boyle, Robert, 66 

Boyle’s law, 66; problems involving, 228 

Boskos, 160; air, 71, 72; automobile, 34, 160; 
hydraulic, 34 

Brick-veneer, 259 

Bridges, George Washington, 10 

Brine, 256; used in refrigeration, 247 

British thermal unit, 232, 209 

Brittleness, 12-13 

Brit canting Oi AM O ee FM, 
541, 549-550; television, 541, 551-552 

Brooklyn-Battery Tunnel, 

Brown, Robert, 91 

Brownian movement, 91 

Brushes, of generator, 504 

B.t.u., 232 

Buckets, clam-shell, 168 1 

stic properties of, 296 


Buildings, acou! 
Bullets, impact of rile 148; path of, 149-150 


Bunsen, R. W., 396 

Bunsen photometer, 335 

Buoyancy, of gases, ; 
measurement of, 36-37 


Burbling, 601 
Bureau of Standards, 13 


Cable, coaxial, 544 

Caisson, 49; pneumatic, 72 

Calcium, radioactive, 583 

Calibrate, 19 

Caliper, 193 

Calms, of Cancer and Capricorn, 264; 
equatorial, 264 

Calorie, 231, 169, 209; large, 231 

Calorimeter, 233-254 

Camber, 600, 601 

Camera, 368-369; television, 552-553, 558; 
pinhole, 368; versus ey®, 368 

Camera obscura, 368 

Camouflage, 364, 369-370 

Cams, 179, 200, 281 

Camshaft, of gasoline engine, 281 

Canal, Sault Ste. Marie, 27 

Cancer, treated with radioactive calcium, 
583; X-ray treatment of, 566 

Candle power, 332-333; measurement of, 
335-336 

Canoe, stability of, 135 

Capacitive reactance, 520 

Capacity, 14; carrying, 473; of condensers, 
428, 519; electric, 428; metric unit of, 13 

Capillarity, 101-102; importance of, 102; 
laws of, 102 

Capillary tubes, 102 

Capstan, 188 

Carbon, activated, 104; radioactive, 583 

Carbon are lamp, 477-478 

Carbon dioxide, liquid, 251 

Carbon lamp, 475, 476 

Carbon monoxide, in tunnels, 74 

Carbon rod, in dry cell, 441 

Carburetor, 590, 272, 591; operation of, 591 

Cardan, Jerome, 368 


Carrier, picture, 552 e 
Carrier frequency, need for a, 543-544 
Carrier signal, 543; amplitude modulated, 


549; frequency modulated, 549, 550; modu- 
lated r.f., 544; unmodulated, 549 
Carrier signal current, 
Cartesian diver, 79 
Cartridge fuses, 474 
Caterpillar tractor, 159 
Cathode, 452, 528; cold, 529; of electrolytic 
cells, 460-461; heaters for, 529-530 
Cathode-ray oscilloscopes; 540, 541 
ubes, 533, 539-541; diagram 
of, 540; heater of, 540; operation of, 539%- 
540; for radar, 569; uses of, 540-541 
Cathode rays, 533 
Cathode symbol, 
Catwhisker, 538 J 
Cells, Daniell, 441; defects of voltaic, 439- 
440; dry, 441-442; electrolytic, 460; grav- 
ity, 441; grouping of electric, 445-448; 
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local action in, 440; non-polarizing, 441; 
parallel grouping of, 446-447; photoelec- 
tric, 380; photovoltaic, 565; polarization in, 
440-441; primary, 460; secondary, 460; 
storage, 466-471; voltage of electric, 444; 
voltaic, 436-440. 

Celsius, Andreas, 211 

Center, optical, 359 

Center of curvature, of lenses, 358-359; of 
mirrors, 344, 346 

Center of gravity, 111, 129; of airplanes, 
602; of automobiles, 593; how found, 129- 
130 

Center of moments, 128 

Center of oscillation, of pendulum, 146 

Center of percussion, of pendulum, 146 

Center of suspension, of pendulum, 145 

Centigrade, 207 

Centigrade scale, 211; relation to Absolute 
scale, 226; conversion to Fahrenheit, 211- 
212 

Centimeter, 14 

Centimeter-gram-second system, 15 

Centrifugal force, 154, 155-158; applica- 
tions of, 155-157; calculation of magnitude 
of, 157-158 

Centrifugal pump, 78 

Centrifuge, 157 

Centripetal force, 154 

Cesium, discovery of, 396; in electronic 
tubes, 563 

C.G.S., 15 

Chain reaction, 573, 582, 583 

Chains, tire, 160 

Channels, television, 551 

Charcoal, capacity for adsorption, 104 

Charged atom, 577 

Charles, Jacques, 225 

Charles’ law, 226-228; problems involving, 
227; shown graphically, 227 

Chassis, automobile, 591, 593 

Chemical action, source of heat, 208 

Chemical change, 5, 7 

Chemical effects, of electricity, 460-471 

Chimney, drawing of, 68, 263 

Chlorine, atom, 420; isotopes of, 574, 575; 
preparation by electrolysis, 465 

Choke, automatic, 591; purpose of, 591 

Choke coil, 520; iron-core, 533 

Chord, of airfoil, 601; major, 306 

Christmas tree lamps, 491 

Chromatic, 306 

Chromatic aberration, 397; remedy for, 397 

Chromatic scale, 307 

Chromosphere, of sun, 395 

Circuit, A.C., 518-522; closed, 439; of crys- 
tal transistor, 539; external, 440; of fluores- 
cent lamp, 533; open, 439; series, 446; 
sweep, 556; triode amplifier, 537; triode 
oscillator, 537, 538; of Tungar diode, 531; 
tuning, 546-547 


Circuit breakers, 514 

Circular mils, 444 

Clark standard cell, 442 

Clerk-Maxwell, James, 326 

Clinical thermometer, 207, 212-213 

Clocks, electric, 512 

Clothing and warmth, 258 

Cloud chamber, Wilson, 577 

Clouds, seeding of, 62 

Clutch, fluid, 593-594; friction, 593; opera- 
tion of, 593-594, 

Coal, caloric value, 231 

Coaxial cable, 544 

Cockroft, J. D., 580 

Coefficient, 217; of cubical expansion, 218; 
of elasticity, 98; of expansion, 218, 223-225; 
of friction, 159-160; of linear expansion, 
218; of superficial expansion, 218 

Cohesion, 96; in liquids, 99; in solids, 
liquids and gases, 96 

Coils, choke, 520; of crystal receiver, 546; 
electromagnet, 534; field, 506; high resist- 
ance, 484; induction, 502, 503; inductive 
reactance of, 520; iron-core choke, 533; 
primary, 498; resistance, 486; secondary, 
498, 500; of transformer, 515 

Cold cathode tube, 529 

Cold fronts, 60 

Collimator tube, of spectroscope, 396 

Color blindness, 391-392 

Color filters, in television broadcasting, 558 

Color of objects, determination of, 389-390 

Color television, 556-559; sequential sys- 
tem, 556-558; simultaneous system, 558; 
use in industry, 558-559 

Colors, 388-402; combination of, 390; com- 
plementary, 390; primary, 390-391; theory 
of, 391 

Commutator, of D.C. generator, 507; of 
electric motor, 510 

Commiutator bars, 508 

Compass, 407; gyroscopic, 158; radio, 568 

Compensated, 217 

Compensated balance wheel, 221, 222 

Compensated pendulum, 222 

Complementary colors, 390 

Component forces, 117-119 

Compound bar, uses of, 220-221 

Compound engine, 276 

Compound machines, 193-196 

Compound-wound generator, 509 

Compressed air, uses of, 71-73 

Compression, elasticity of, 96 

Compression ratios, 589 

Concave lenses, image formation of, 361 

Concave mirrors, images formed by, 345- 
347 

Condensation, 246 3 

Condensers, in A.C. circuits, 519; capacity 
of, 519; in D.C. circuits, 519; electric, 427- 
429, 503, 518-520; variable, 546 
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Conductance, 435 

Conduction, of heat, 256, 257-261; utiliza- 
tion of, 258 

Conductometer, 256 

Conductors, 417; electric, 419; and lines of 
force, 453-454 

Constellation, 604; instrument panel of, 606 

Continuous current, 504 

Control grid, of cathode-ray tube, 540 

Convection, 256, 261-268; principle of, 261 

Convection currents, 261 

Converging lenses, 357-358 

Converging rays, 352 

Convex lenses, image formation of, 359- 
361 

Convex mirrors, images formed by, 347 

Cooling, Newton's law of, 269 

Cooling systems, of gasoline engine, 282 

Copper, atom, 574; refined by electrolysis, 
464 

Copper wire, properties of, see Appendix B 

Corliss valves, 275 

Cornea, of eye, 366 

Cornet, 314 

Corpuscle, 325 

Corpuscular theory, of light, 325 

Corrugated, 217 

Cosmic rays, 573, 584 

Cottrell, F. G., 430 

Cottrell precipitator, 430 

Counter E.M.F., produced by motor, 512 

Counterpéise, 111 

Counters, Geiger, 578 

Countershaft, automobile, 594 

Crane, 168, 203 

Crankease, of airplane engine, 605 

Crankshaft, automobile, 594 

Cream separator, 155, 156 

Critical angle, 601; of light ray, 356-357 

Critical pressure, 248 

Critical temperature, 248 

Crooke’s radiometer, 268 

Cryogenic, 207 

Cryogenic laboratory; 226 

Cryolite, 464 

Crystal detector, 538 

Crystal diodes, 539 

Crystal oscillator, 63 
uses of, 537 

Crystal receiver, 546 

Crystal tetrode, 538, 539 

Crystal transistor, 539 

Crystal triode amplifier, 538 

Crystalline substances, fusion of, 235 

Crystallization, nature of, 103 

Crystals, amplifying action of, 538; garnet, 
104; germanium, 538; polarizing, ee 
quartz, 104, 538; silicon, 538; tourmaline, 
398; used in place of tubes, 538 

Cubic centimeter, 15 

Curie, Marie Sklodowska, 575, 576 


7-538; circuit of, 538; 


Current, alternating, 504; continuous, 504; 
direct, 504; direction of flow, 453; how 
taken from armature, 504; induced, 498 
503; induced in moving conductor, 498- 
499; pulsating direct, 537 

Current electricity, differs from 
electricity, 435 

Curtis turbine, 277, 278 

Curvilinear motion, 137, 153-154 

Cycle, of generator, 504 

Cyclone, 57, 60 

Cyclotron, 581 

Cylinder, 19; airplane engine, 605; auto- 
mobile engine, 589; gasoline engine, 280 
281; steam engine, 274 


static 


Dalton, John, 392 

Daltonism, 392 

Dam, Hoover, ?9, 199 

Daniell cell, 441, 45 

Davy, Sir Humphrey, 207, 423, 466 

Decibel, 299 

Declination, 405; magnetic, 413 

Dees, of cyclotron, 581 

Deflecting plates, of cathode-ray tube, 540 

De Forest, Lee, 534 

De Forest triode, 534, 535, 536-537 

Degrees, on thermometer, 211-212 

Dehydrate, 49 

Dehydrated foods, 69 

Demagnetization, of steel, 407-408 

Density, 15, 16; determination of, 16, 43; 
and expansion, 225-226; of gases, 67; and 
specific gravity, 42-46; of water, 16, see 
also Appendix B 

Dentist’s chair, 34 

Dep control, of airplanes, 603 

Derrick, hoisting, 189 

Descartes, René, 79 

Destructive distillation, 244 

Detection, 527 

Detector, 5275 of tf. receiver, 546; video, 
556 

Deuterium, atom, 574; nucleus of, 574 

Deviation, angle of, 353 

Dew point, 253 

Dewar flask, 250 

Dextro-rotatory, 399 

Diamagnetie, 

Diaphragm, 364 

Diathermanous, 

Diathermy, 561 

Diatonic scale, 306-307 y . 

Dichloro-difluoro methane, use in refrig- 
erators, 248 

Dictaphone, 316 

Dictating machine, 316 

Die, wire-drawing, 11 

Dielectric, 428, 519 

Dielectric heating, 
uses of, 561 


561; diagram of, 563; 


gf 
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Dielectric materials, 561 

Diesel-electric locomotive, 170 

Diesel engine, 283-284 

Dietetics, 231 

Difference of potential, 426 

Differential gears, 596-597 

Differential pulley, 195, 196 

Diffraction, of light, 398 

Diffraction grating, 398 

Diffusion, of gases, 93; of light, 340; of 
liquids, 94-95; by reflection, 340-341; of 
solids, 95; by transmission, 341 

Diode, 528; crystal, 539; gas-filled, 530-531; 
Tungar, 531 

Diode rectifiers, 561; uses of, 559 

Dip, magnetic, 414 

Dipole, folded, 550 

Dipping needle, 414 

Direct current, 504; pulsating, 537; uses 
of, 522 

Direet-current generators, 507-509 

Direct proportion, 21-22; graph, 22 

Dirigibles, 82-83; Hindenburg, 82; Los 
Angeles, 82 

Discontinuous spectra, 395 

Discord, 306, 308 

Discriminator, purpose of, 550 

Dispersion, 388 

Displacement, of pendulum, 145 

Distance, how estimated, 367-368; of object 
and image, 349, 361 

Distillation, 231, 243; destructive, 244; 
fractional, 243-244 

Distributor, automobile engine, 597 

Diverging lenses, 358 

Diverging rays, 352 

Diving bells, 72 

Diving suits, 72, 73 

Doldrums, 256, 264 

Dolland, J., 397 

Doppler’s principle, 300-301 

Doubletrees, example of parallel forces, 135 

Draft, in chimneys, 263 

Drag, in airplanes, 123 

Drift, of oscillator circuits, 537 

Drive shaft, automobile, 594 

Drum, 315 

Dry cell, 441-442; electromotive force of, 442 

Dry-disk rectifier, 522 

Dry dock, floating, 40, 42 

Dry farming, and capillarity, 102 

Dry ice, 62, 251 

Dry quart, 14 

Ductility, 11 

Dumet, 476 

Duo-diode triode, 539 

Dynamo, 436 

Dyne, 114 


Ear, 290-291 
Earth, inductive action of, 414-415; a mag- 


net, 412-415; temperature of interior, 207- 
208 

Ebullition, 240 

Eccentric, 200-201, 275 

Echoes, 295; usefulness of, 295-296 

Eclipses, cause of, 329-330 

Ediphone, 316 

Edison, Thomas Alva, 475, 527; memorial 
to, 475 

Edison effect, 528 

Edison electric lamp, 475 

Fdison storage battery, 468 

Efficiency, 180, 181; of gasoline engine, 282- 
283; of human body, 273; of simple ma- 
chines, 193; of steam boilers, 276-277; of 
steam engine, 273-274; of steam turbine, 
278; of water wheels, 197 

Effort, 179-180 

Einstein, Albert, 7, 137, 326, 579 

Einstein’s equation, 7, 579 

Ejectors, 68-69 

Elastic constant, 97 

Elastic limit, 97 

Elasticity, of compression, 96; depends upon 
cohesion, 96; of extension, 96; of flexure, 
97; measurement of, 97; perfect, 97; of 
torsion, 96; of traction, 96 

Electric ammeter, 483, 485-486 

Electric are, 477-478 

Electric battery, 466-471, 597-598 

Electric bells, 456, 457; wiring of, 457 

Electric blanket, 472 ‘ 

Electric capacity, 428 

Electric cells, grouping of, 445-448; parallel 
grouping of, 447-448; series grouping, 
445-446 

Electric charge, resides on outside of con- 
ductor, 423-424 

Electric circuits, 437, 487-497; A.C., 518- 
522 

Electric clocks, 512 

Electric condensers, 427-428, 429, 518-520; 
commercial, 428-429; operation of, 428; 
variable, 429 

Electric conductors, 419; effect of shape of, 
424; resistance of, 493-494. 

Electric current, 425, 4: 
452-482 

Electric energy, source of heat, 208 

Electric furnaces, 480 

Electric fuses, 474 ; 

Electric generator, 498, 436, 503-509; in- 
vention of, 499 

Electric grill, 472 

Electric heat, use of, 472-473 

Electric heater, 472 

Electric insulators, 419 

Electric iron, 472; consumption of elec- 
tricity, 492 : 

Electric lamp, assembly of, 477; lead-in 
wires of, 220 


-530; effects of, 
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Electric measuring instruments, 483-497 

Electric motors, 509-514; A.C., 511-512; 
back E.M.F. of, 512; controlled by thy- 
ratrons, 560; D.C., 511; electronic control 
of, 559-560; principle of, 509-511; squirrel- 
cage, 512; starting, 513-514 

Electric percolator, 472 

Electric potential, 426 

Electric power, 492, 493; transmission of, 
514-516 

Electric pressure, 425-426 

Electric refrigerator, 247-248, 249 

Electric resistance, 425, 443-444 

Electric symbols, 438 

Electric toaster, 472 

Electric units, value of, 442 

Electric voltmeter, 484, 485 

Electric waffle iron, 472 

Electric welding, 473 

Electric wiring, fall of potential along, 
487-488; parallel, 489-490, 491; series, 
488-489 4 

Electricity, 4; current, 435-451; effects pro- 
duced by, 452; electron theory of, 420-421; 
a form of energy, 452; Franklin's theory 
of, 419-420; heating effects of, 471-474; 
and magnetism, 430-431; negative and 
positive, 418; produced by friction, 417- 
418; related to magnetism, 452-453; static, 
417-432; theory of, 419-421 

Electrification, by contact, 421; by induc- 
tion, 422; law of, 418; production of, 
421-422 

Electrochemical equivalents, see Appen- 
dix B y 

Electrochemical plant, ignitrons used in, 
560 

Electrodes, in 
electrolytic cell, 460; 
530, 533; of fluorescent lamps, 
neon lamp, 531; of tetrode, 538 | 

Electrolysis, 460; of aluminum oxide, 464; 
chlorine produced by, 465; laws of, 466; 
of water, 460-461 

Electrolyte, 452, 460-462 


Electrolytic cell, 460 

Elero iani 07, 452, 454-455, 456; 
construction of, 455; in electric motor, 
509-510; increasing strength of, 455; polar- 
ity of, 455; use in A.C. generators, 506; 


uses, 455-456 3 
Electromagnet coils, in electronic tubes, 534 
Electromagnetic induction, 498-524 

Electromagnetic spectrum, 


Electromagnetic theory, of light, 326 
Electromagnetic waves, 268 


Electrometallurgy> 464 
Electromotive force, 435, 425-426; of dry 


cell, 442 
Electron beam, 533-534; of cathode-ray 
a tube, 553 


tube, 540; in television camer 


dielectric heating, 561; of 
of electronic tubes, 
532; of 


xvii 


Electron gun, 540; in electron microscope, 
567; of television camera tube, 553 

Electron microscope, 5, 567, 569 

Electron theory, application of, 420-421; 
of electricity, 420-421 

Electronic heating, 560-563 

Electronic organ, 319 

Electronic tubes, 522-523; envelopes of, 
530; first, 527; for converting A.C. to D.C. 
559; gas-filled, 530-533; operation of, 527 
528; pentode, 539; tetrode, 538-539 

Electrons, 420, 527, 573, 6; motion in tubes 
of, 533-534; sources of, 528-529; stream 
of, 437; weight of, 574 

Electrophorus, 429-430 

Electroplating, 462 

Electroscope, 417, 418, 423; charging by 
induction, 422-423; for detection of radia- 
tion, 577-578; discharge in air, 584; gold 
leaf, 418; pith-ball, 418; proof-plane of, 
418, 421, 423; use of, 419 

Electrostatic field, in electronic tubes, 533 

Electrostatic sereen, 539 

Electrotypes, manufacture of, 462-463 

Elevators, of airplane, 602 

Elinvar, 217; uses of, 222 

E.M.F., 435, 425-426; back, 512; induced, 
499; induced by magnet, 498; strength of 
induced, 501; of three-coil armature, 508 

Empennage, 602 

Empire State Building, television antennas 
on, 555 

Emulsion, 103 

Energy, 3, 4, 167, 172, 173-176; conversion 
to matter, 174, 176; heat, 452; kinds of 
mechanical, 172-173; light, 452; and mass, 
579; measurement of, 173; transformation 
of, 174 

Engines, air-cooled, 282; airplane, 605; auto- 
mobile, 589-591; compound, 276; Diesel, 
283, 284; double-expansion, 276; external 
combustion, 274; four-stroke, 280-282; 
gasoline, 280-283; horsepower of, 170; 
internal combustion, 274; steam, 274-276; 
turbo-jet, 278-280 

English system, 13; 
system, 14 

Envelopes, of electronic tubes, 530 

Equilibrant, 117; of parallel forces, 128 

Equilibrium, how secured, 130-131; neutral, 
132; stable, 131-132; unstable, 132 

Erg, 169 

Ether waves, 325 

Ethylene glycol, use in antifreeze solutions, 
590 

Evaporation, 913 cooling by, 246-247; effect 
of humidity on, 240; effect of temperature 
on, 240; laws of, 240-241; of liquids, 94; 
of solids, 95, 241 

Exciter, 506 

Exhaust pump, 


comparison with metric 


67-68; uses of, 69-70 
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Expansion, coefficient of cubical, 218; co- 
efficient of linear, 218; coefficient of super- 
ficial, 218; and density, 225-226; force of, 
228; of gases, 225-228; of liquids, 223-225; 
of solids, 217-222; of water, 224 

Exposure meter, 565 

Extension, elasticity of, 96; property of, 7 

Eye, defects of, 365-366; power of accommo- 
dation of, 365; structure, 364-365; versus 
camera, 369 

Eye glasses, 366 


Factor of safety, 99 

Fading, causes of, 545 

Fahrenheit scale, 211; conversion to Centi- 
grade, 211-212 

Fall of potential, 487-488 

Falling bodies, velocity of, 142-143 

Farad, unit of capacity, 428, 519 

Faraday, Michael, 248, 423, 466, 498, 499 

Farsightedness, 366 

Fatigue, of metals, 10; retinal, 392 

Federal Communications Commission, 
543 

Field coil, of generator, 506 

Field magnet, 503 

Filament symbol, 529 

Filaments, of electric lamp, 475; of elec- 
tronic tubes, 529; in fluorescent lamps, 532 

Fin, of airplanes, 603 

Fire extinguishers, operation of, 80 

Fireless gas range, 259 

Fission, 582; nuclear, 579-584; of plutonium, 
582; of U-235, 582 

Fizeau, Armand, 354 

Flame, manometric, 317; singing, 308-309 

Fleming, J. A., 528 

Fleming valve, 528 

Flexion, elasticity of, 96-97 

Flexure, elasticity of, 96-97 

Floating dry dock, 40, 42 

Floating objects, behavior of, 39 

Floodlighting, 382 

Flotation, principles of, 38-39 

Fluid clutch, 594 

Fluid friction, less than solid friction, 160 

Fluids, 6 

Fluorescence, produced by radium salts, 
575-576; produced by X rays, 566 

Fluorescent chemicals, 532 

Fluorescent lamps, 383, 384, 532, 533; 
flicker in, 532-533 

Fluorescent sereen, of cathode-ray tube, 
540 

Fluorine, produced by electrolysis, 464 

Fluoroscope, 566; uses of, 567 

Flywheel, 275 

FM and AM, 549-551 

FM band, 542 

FM broadcasting, 541, 549-550; advantages 
of, 550 
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FM receivers, 550-551; antenna of, 550; 
diagram of, 551; static-free, 550-551 

FM transmitter, 550 

Focal length, of lenses, 359; of mirrors, 
344, 349 

Focus, 339; virtual, of lenses, 358; virtual, of 
mirrors, 344; principal, of lenses, 358-359; 
principal, of mirrors, 344 

Focusing anode, of cathode-ray tube, 540 

Folded dipole, 550 

Foley, A. L., 296-297 

Foods, dehydrated, 69 

Foot-candles, 332, 333-334; meter, 334 

Foot-pound, 167 

Foot-pound-second system, 15 

Force, 19, 111, 167; centrifugal, 154, 155- 
158; centripetal, 154; gram-weight of, 114; 
of gravitation, 111-112; measurement of, 
113; moment of, 127; units of, 114 

Force pump, 77, 78 

Forces, composition of, 115-116; equilibrant 
of, 117; molecular, 95-96, 99; parallel, 126; 
parallelogram of, 116; resolution of, 117- 
125; resultant of, 115-116; shown graphi- 
cally, 115-119 

Forearm, a lever, 183 

Forecasts, weather, 57-60 

Formulas, see Appendix A 

Foucault, J. L., 354 

Four-color printing, frontispiece, 392, 394 

Four-stroke engine, 280-282 

F.P.S., 15 ° 

Fractional distillation, 243-244 

Fractionating tower, 245 

Franklin, Benjamin, 417, 426, 437; theory 
of electricity, 417, 419-420 

Fraunhofer, Joseph, 395 

Fraunhofer lines, 395-396 

Free liquid, shape of, 101 

Freezing, evolves heat, 238; expansion of 
water during, 236; of water, 238 

Freezing mixtures, uses of, 238 

Freezing point, 235, 210 

Freon, 248 

Frequency, 293; audio, 309; intermediate, 
5495 radio, 309; and wave length, 542 

Frequency bands, television, 551 

Frequency modulated carrier 
549 

Frequency modulation broadcasting, 
549-550 

Friction, 158, 159-162; coefficient of, 159- 
160; fluid, 160; increase of, 160; reduction 
of, 160-162; rolling, 161; sliding, 158-159; 
utilization of, 158 

Fronts, cold and warm, 60 

Fulcrum, 181-184 

Fundamental note, 309-310 

Furnaces, electric, 480; hot-air, 265; hot- 
water, 265-266; pipeless, 265; steam, 266 

Fuselage, 602 


signal, 
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Fuses, cartridge, 474; electric, 474; proxim- 
ity, 530 
Fusion, 235; atomic, 584; heat of, 237 


Galilei, Galileo, 50, 139, 140, 145, 330; 
inventor of air thermometer, 209 

Galvani, Luigi, 436 

Galvanizing, 462 

Galvanometer, 483, 499; movable-coil, 484; 
movable needle, 484; purpose of, 483-484 

Galvanoscope, 483 

Gamma rays, 576-577 

Garnet crystals, 104 

Gas-filled diodes, 530-531 

Gas mantles, 575 

Gas masks, 104, 105 

Gas meter, operation of, 84, 85 

Gas ranges, 259-260 

Gases, 6, 96; absorbed by liquids, 104-105; 
adsorbed by solids, 104; buoyancy of, 80; 
coefficient of expansion, 225; cohesion in, 
96; compressibility and expansibility of, 
65-74; conductors of heat, 257-258; density 
affected by pressure, 67; diffusion of, 92- 
93; elasticity of, 65; exert pressure, 92; 
expansion of, 92, 225-228; liquefaction of, 
226, 248; measurement of pressures of, 83- 
84; molecular motion in, 92-93; trans- 
mission of sound waves in, 290; in tungsten 
lamp, 477 

Gasoline, as automobile engine fuel, 590- 
591; leam mixture of, 591; rich mixture of, 


591 
Gasoline engine, 280-281, 282, 283; advan- 


tages of, 282-283; control of valves of, 281; 
cooling of; 281-282; determination of horse- 
power, 281; disadvantages of, 283; multi- 
cylindered, 281 F 
Gauges, Bourdon pressure, 24; spring, 84 
Gay-Lussac, Louis, 225 
Gear teeth, induction heating, 563 
Gear wheels, train of, 194-195 ae 
Gears, differential, 596-597; transmission, 


589, 594-595; uses of, 194; worm, 195, 202 


Geiger counter, 57 
Generator rule, 501 
436, 503-5095 A.C., 505- 


Generators, 498, 
507; automobile, 508; compound-wound, 
509; D.C., 507-509; field of, 505; self-ex- 
citing, 508-509; series-wound, 509; shunt- 
wound, 509; simple, 503, 504; steam-tur- 
bine, 279; Van de Graalf, 580, 584 

George Washington Bridge, 

Germanium crystals, 

Geyser, Old Faithful, 208 

Ghosts, television, 555 

Gilbert, William, 412, 417 

Glacier, moyement of, 236. 

Glass, Pyrex, 219-220; refractive index of, 354 

Glasses, opera, 376-377; Polaroid, 401 

Governor, for stationary engine, , 156 


Grade, 189; calculation of, 189 

Gram, 13, 14 

Gram-centimeter, 169 

Gram-weight, 114 

Grand Coulee Dam, 174 

Graph, direct proportion, 22; inverse pro- 
portion, 22; temperature, 214 

Graphite, furnace for making, 480; use in 
nuclear reactors, 583 

Grating, diffraction, 398 

Gravitation, 111, 112; law of, 112 

Gravity, 8; acceleration due to, 139-141; 
center of, 129; resolution of force of, 118 
119 

Grid, 534; controls plate current, 535; 
screen, 538; suppressor, 539 

Grid bias voltage, 536 

Ground waves, 544 

Guericke, Otto von, 52, 67, 417 

Guns, disappearing, 153; recoil of, 153 

Gyroscope, principle of, 158 


Hall, Charles Martin, 463 

Hall process, for metal extraction, 464 

Hammer, a lever, 184 

Hammond organ, 313-314, 319 

Hardness, 12 

Harmonie, 310 

Harmony, 

Head of water, 24 

Headlights, 348, 349 

Heat, 4, 207-230; absorbed in solution, 238; 
absorption of, 268; capacity, 232; conduc- 
tion of, 256-261; conduction by gases, 
257-258; conduction by liquids, 257; con- 
duction by solids, 956-257; constants, see 
Appendix B; conversion to work, 272-273; 
distribution, 256-270; effect on water, 251; 
effects of, 217; latent, 237, 245; measure- 
ment of, 211-214, 931; mechanical equiv- 
alent, 272-273; nature of, 207; radiation of, 
268-270; relation to work, 272-274; rela- 
tive conductivity of, see Appendix B; 
sources of, 207-208; specific, 232; and 
temperature, 209; transparency, 269-270; 
units, 231-232 

Heat exchange, 

Heat of fusion, 

Heat of vaporization, 
tion of, 245-246 5 

Heating, dielectric, 561, 563; electronic, 
560-563; induction, 561-563 

Heating effect, of electricity, 4T 1-474 

Heating systems, comparison of, 266-267; 
hot-air, 265; hot-water, 265-266; pipeless, 
265; steam, 266; vapor, 266 


Heavy hydrogen, 574 
Helium, atoms, 574; cost of, 83; formed by 


disintegration of radium, 579; in gas-filled 
diodes, 530; lifting power of, 82; in sun's 
atmosphere, 396 


law of, 233 
2373 measurement of, 237 
244-246; determina- 
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Helix, 454 

Helmholtz, Hermann von, 318, 391 

Helmholtz resonators, 319 

Henry, Joseph, 455, 502; unit of inductance, 
520 

Henry’s law, 105 

Hertz, Heinrich, wave theory, 326 

High gear, 595 

Hindenburg airship, 82 

Hoist, hydraulic, 34 

Hoisting derrick, 189 

Holzapple, Colonel Joseph, 122 

Hooke’s law, 98 

Hoover Dam, 29, 199 

Horse latitudes, 256, 264 

Horsepower, 170; determination of, 169; 
of gasoline engine, 281 

Hot-air heating, 265 

Hot-water heating, 265-266 

Hot-water tank, 267 

Houses, brick-veneer, 259 

Humidity, 252-253; absolute, 252; effect on 
evaporation, 240; relative, 252-253 

Hurricanes, and barometric pressure, 56 

Huygens, Christian, 325 

Hydraulic, 19 

Hydraulic brakes, 34 

Hydraulic jack, 34 

Hydraulic press, 33 

Hydrogen, atom, 6, 420, 573, 574; heavy, 
574; isotopes of, 574; lifting force of, 82; 
preparation by electrolysis of water, 461; 
use in airships, 82 

Hydrogen bomb, 584 

Hydrogen chloride, ionization of, 439 

Hydrometer, 45, 467 

Hydroplane, 122 

Hydrostatic, 19 

Hydrostatic bellows, 35 

Hygrodeik, 253 

Hygrometry, see Appendix B 


Ice, dry, 251; formation on airplanes, 253; 
formation in ponds, 224-225; heat of fusion, 
237; manufacture of, 247 

Iceberg, 38 

Iconoscope, 552 

I.f. amplifier, purpose of, 549 

Ignition system, automobile, 597, 598 

Ignitron, 559 

Ignitron rectifiers, 560 

Illuminated, 325 

Illuminated objects, 327 

Tlumination, 332-333; indirect, 381; law 
of, 332; modification of, 380-382; semi- 
indirect, 381 

Illusions, optical, 369-370 

Image orthicon, 552 

Images, 339, 341-343; formed by concave 
lenses, 361; formed by convex lenses, 359- 
360; formed by concave mirrors, 345-347; 


formed by convex mirrors, 347; formed by 
the eye, 365; formed by plane mirrors, 
342-343; of a point, 345; real, 341; rela- 
tive size of object and, 349; virtual, 341, 359 

Immiscible, 103 

Impact, of rifle bullet, 148, 208 

Impedance, 520-521 

Impenetrability, of matter, 8 

Incandescence, of tungsten wires, 327 

Incandescent, 325 

Incandescent lamps, 475-477 

Incidence, angle of, 98, 339, 352, 356-357, 
601 

Inclination, magnetic, 414 

Inclined plane, 189; double, 190; efficiency 
of, 193; uses of, 189, 190 

Index of refraction, see Appendix B; use 
of, 354-355 

Induced currents, 498-503; direction of 
flow, 500-501 

Induced E.M.F., strength of, 501 

Inductance, 520; unit of, 520; uses of, 521 

Induction, 498; charging an electroscope 
by, 422; earth’s, 414-415; electrification 
by, 422; electromagnetic, 498-524; mag- 
netic, 408; self-, 498 

Induction coil, operation of, 502, 503; uses 
of, 503 

Induction heating, 561-563 

Induction machines, 430 

Induction motors, 511-512; use of, 512 

Inductive reactance, of coils, 520 

Inertia, 3, 8-9; practical uses of, 9 

Infra-red rays, 389; in photography, 393, 
394 

Injector, of Diesel engine, 284 

In-line engine, 589 

Input, of machines, 180 

Instruments, airplane, 605-608; high-re- 
sistance, 484-485; low-resistance, 485; 
measuring, 483-497; musical, 312-319; 
optical, 364-387 

Insulation, 258-259; against sound, 291-292 

Insulators, 256, 417; electric, 419 

Intensity, of light, 335; of sound, 298, 299- 
300 

Interference, 289; of light, 397-398; of 
sound waves, 302-303; in television, 555 

Interlaced scanning, 553; in sequential 
color system, 557 

Intermediate frequeney, 549 

Intermittent siphon, 86 

Internal combustion engines, 274, 280- 
284; cooling of, 281-282; Diesel type, 283- 
284 

International Bureau of Weights and 
Measures, 13 

International piteh, 308 

Invar, 217, 219, 222 

Inverse proportion, 21-22; graph, 67 

Iodine, radioactive, 583 


INDEX pr 


Land breezes, 264 
Larynx, 315 

Latent heat, 237, 245 
Lawn mower, 119 


Jon, 424, 435, 4395 chloride, 421; sodium, 
420-421 

Ionization, 4353 of air molecules, 424; in 
gas-filled diodes, 531; produced by radia- 


tions, 577; of sodium chloride, 420-421 
Ionosphere layers, 545 
Iris, of eye, 364 
Iron, electric, 472, 492 
Isobars, 57, 59 
Isoclinic lines, A414 


Isogonic lines, 413; of the United States, 414 


Isotherms, 57 


Isotopes, 5745 radioactive, 580, 583; of 


uranium, 581-582 


JATO, 153, 599 

Jackscrew, 192 

Janssen, P. JCB 

Jet propulsion, 36, 123, 153 
Jewett, Prof., 463 
Joliot-Curie, Frederic, 580 
Joliot-Curie, Irene, 580 
Joly photometer, 335-336 
Joule, James Prescott, 169, 272, 471 
Joule, unit of work, 169 
Joule’s laws, 471-472 
Jupiter, 330 


K, 444 

Kaleidoscope, 343 

Kelvin, Lord, 207 

Key, telegraph, 457, 458 
Kilo-calorie, 

Kilocycles, 541-542 
Kilogram, 14 
Kilogram-meter, 169 
Kilometer, 13 

Kilowatt, 170 

Kilowatt hour, 483, 169, 492 
Kilowatt-hour meter, 492 
Kinetic, 91 

Kinetic energy» 172-173, 209 
Kinetic theory, 91 
Kirchoff, Gustav, 396 
Kitty Hawk, 120 
Knife switch, 4 
Kodachrome process» 
Koenig; Rudolf, 317 


394 


Lactometer, 46 


Lakes, ice formation in, 236 
tion of heat by, 268 
Lampblack, Cee aoe ae 


Lamps, are, 
Christmas tree, 
475; fluorescent, 


filled, 476-417; incandescent, 3 j ; 
mercury vapor, 389; neon, 5, ATAD 
sodium vapor, 479; sun, 32; tungs i 

478-4795 ultraviolet, 478, 


476-477; vapor, 
479 
Lampshades, 381-382 


491; filaments of electric, 


Lawn sprinklers, rotary, 153 

Lawrence, E. 0., 580 

Laws, 19; of accelerated motion, 139-141; 
of boiling, 243; Boyle's, 66, 228; of capil- 
larity; Charles’, 226-228; of conservation 
of matter, 7; of electrification, 418; of elec- 
trolysis, 464; of evaporation, 240-241; of 
falling bodies, 142; Faraday's, 466; of flo- 
tation, 39; Gay-Lussac’s, 225; of gravila- 
tion, 112; of heat exchange, 233; Henry's, 
105; Hooke’s, 98; of illumination, 332; of 
intensity of light, 335; Joule’s, 471-472; 
Lenz’s, 501; of liquid pressure, 21; of 
machines, 180; of magnets, 406-407; of 
motion, 147-153; Newton's, 112, 147-153; 
Ohm's, 442-443, 521; Pascal's, 31-32; of 

ndulum, 145-146; of radiation, 269; of 

rebound, 97-98; of reflection of light, 339; 
of refraction, 355; of resistance, 443-444; 
of retarded motion, 141-142; of strings, 
311-312 

Lead monoxide, in storage cells, 468 

Lead oxide, in storage cells, 468 

Lead storage cell, 466-467, 468; construc- 
tion of, 467-468 

Lead-in wires, of incandescent lamps, 476 

Leaning Tower of Pisa, 139 

Left-hand rule, 510 

Length, metric unit of, 13 

Lenses, 357-361; achromatic, 397; anastig- 
mat, 370; centers of curvature of, 358; 
converging, 357-398; diverging, 358; effec- 
tive aperture of, 370; flat, 366-367; focal 
length of, 359, 361; formation of images by, 
359-361; magnifying power of, 371-372; 
meniscus, 358, 366; principal focus of, 358; 
rectilinear, 370; spherical aberration of, 361 

Leonardo da Vinci, 368 

Lenz’s law, 501 

Leslie’s cube, 268 

Letter press, +74 203 2 z 

Lever; 181-184; affected by its weight, 183- 
184; classes of, 182-183; mechanical ad- 


vantage of, 1-182 
Levo-rotatory> 
Leyden jar, 428-429 
Lick telescope, 374 
Lift, in airplanes, 123 


Lift pump, ‘°’ 7 
light 4; Pe sorption of, 327-328; affected by 
lenses, 358; analysis of, 388; beams of, 
328; color of, 388-389; corpuscular theory 
of, 325: diffraction of, 398; diffusion of, 


340-341; dispersion of, 388; electromag- 
netic theory of, 326; intensity of, 332; inter- 
ference of, 397-398; measurement of, 333- 
336; nature of, 325; pencils of, 328; polar- 
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ized, 398-399; polychromatic, 388; quan- 
tum theory of, 326; rays of, 328; reflection 
of, 327-328, 339-350; refraction of, 352- 
363; sources of, 326-327; speed of, 330-332, 
389, 542; speed in water, 354; theories of, 
325-326; transmission of, 327-328; wave 
theory of, 325-326 

Light valve, 380 

Light wayes, differ from sound waves, 326; 
focusing of, 344-345; length of, see Appen- 
dix B 

Lighting, cold cathode, 531-532; diffusion, 
381-382; direct, 381; electronic, 531-533; 
flood, 382-383; fluorescent, 383-384, 532- 
533; neon, 385, 531, 532; semi-indirect, 381 

Lightning, 426; and radio receivers, 551 

Lightning rods, 426-427 

Limiter, of FM receiver, 550 

Line wires, of telegraph, 457 

Linear expansion, coefficient of, see Appen- 
dix B 

Lines of force, 453-454; magnetic, 408-410 

Linotype machines, 463 

Liquefaction, 235 

Liquid air, manufacture of, 248, 250-251 

Liquid films, 99-100; elasticity of, 100 

Liquid pressure, affected by area of con- 
tainer, 21; affected by direction, 20-21; 
applications of, 32-33; determination of, 
22-23; proportional to density, 20; trans- 
mission of, 31-35 

Liquid quart, 14 

Liquid surfaces, shape of, 101 

Liquids, 6; absorb gases, 104-105; buoyancy 
of, 36-39; coefficient of expansion of, 223; 
cohesion in, 96; diffusion of, 94-95; evap- 
oration of, 94, 239-241; expansion of, 223- 
225; free, 101; heat conduction of, 257; 
mechanics of, 19-48; molecular forces in, 
94-95, 99; not easily compressed, 66; 
osmosis of, 94-95; pressure of, 19-28; 
specific gravity of, 44—45, see also Appendix 
B; speed of evaporation of, 240-241; trans- 
mit pressure, 31-35; transmit sound, 290 

Liter, 13 

Litharge, in storage cells, 468 

Lockyer, Sir Norman, 396 

Locomotives, Diesel-electric, 170; steam, 
277 

Lodestones, 405 

Longitudinal vibration, 293-204 

Loop antennas, 546; directional, 546 

Loudness, 298; measurement of, 299-300 

Loudspeakers, 547-548; electrodynamic, 
548; types of, 548 

Low gear, 594-595 

Low-resistance shunt, 485 

Lubricants, 137 

Lubrication, 162 

Lumen, 334 

Luminous objects, 327 
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Machines, 179-204; compound, 193-196; 
efficiency of, 193; general law of, 180; 
induction, 430; input of, 180; mechanical 
advantage of, 33, 180-181; output of, 180; 
simple, 180, 193; uses of, 179-180 

Magdeburg hemispheres, 52, 53 

Magnetic compass, use of, 407 

Magnetic declination, 413 

Magnetic dip, 414 

Magnetic effects, of electricity, 452-460 

Magnetic equator, 414 

Magnetic field, 409-410; effect on radia- 
tions, 577; in electronic tubes, 533; map of 
a, 409; produced by electric current, 453, 
498; used in television picture tubes, 541 

Magnetic inclination, 414 

Magnetic induction, 408 

Magnetic lines of force, 408-410; proper- 
ties of, 410 

Magnetic materials, 405-406 

Magnetic meridians, 413 

Magnetic needles, 453 

Magnetic permeability, 410-411 

Magnetic pole, 413 

Magnetie retentivity, 407 

Magnetic transparency, 410-411 

Magnetism, 405-416; and electricity, 430- 
431, 452-453; induced, 408; residual, 407, 
455; terrestrial, 412-415; theory of, 411-412 

Magnetite, 405 

Magnets, 504-505; artificial, 405; bar, 411; 
electro-, 454-456; field, 503; horgeshoe, 411; 
importance of shape of, 411; induce electric 
current, 498-499; laws of, 406-407; making, 
405; Mayer’s floating, 409; natural, 405; 
permanent, 407; polarity, 406; right-hand 
rule, 455; temporary, 407; use in simple 
generator, 503-504 

Magnifier, simple, 371-372 

Magnifying power, of lenses, 371-372; of 
microscopes, 372-373; of opera glasses, 377; 
of telescopes, 373 

Major chord, 306 

Malleability, 12 

Manometer, 19, 24; closed, 84; open, 24, 84 

Manometrie flame, 317 

Mantles, gas, 575 

Mariner’s compass, 407 

Mars, 327, 328 

Marsh buggy, 40 

Mass, 7, 9; and energy, 579; metric unit of, 
13; of water, 14 

Matter, 4; changes in, 7; conversion „to 
energy, 7, 174, 176; has volume, 7; im- 
penetrability of, 8; indestructibility of, T; 
kinetic theory of, 91; law of conservation 
of, 7; properties of, 7-9; special properties 
of, 10-13; structure of, 5-6; three states of, 
6; unit of, 5 

Maximum thermometer, 213 


Maxwell, James Clerk, 326 
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Maxwell unit, 409 

Measurement, 13-15; of candle power, 
335-336; English system of, 13; metric 
system of, 13-14; of pressure, 19, 24; of 
radioactivity, 577; of resistance, 493-494; 
of sound, 299-300; of specific heat, 233- 
234; of time, 15; of work, 167-169 

Merani instruments, electrical, 483- 

Mechanical advantage, 179, 33, 180; of 
bicycle, 195; of compound machines, 193- 
194; of differential pulley, 196; of gear 
wheels, 194; of inclined plane, 189; of 
lever, 181-182; of pulleys, 186-187; of 
wedge, 190; of wheel and axle, 187 

Mechanical energy, a source of heat, 208 

Mechanical equivalent, 273 

Mechanics, 4 

Media, 160 

Megacyeles, 541-542 

Megaphone, 299 

Melting, 235 

Melting point, indication on thermometer, 
211; and pressure, 236-237 

Membranes, vibration of, 315 

Meniscus, 364, 91, 100 

Meniscus lenses, 366-367 

Menlo Park, 475 

Mercurial barometer, 53, 54 

Mercury, coefficient of expansion of, 224 

Mercury thermometer, limitations of, 212 

Mercury vapor, in fluorescent lamps, 532; 
in gas-filled diodes, 53; in ignitrons, 559 

Mercury vapor lamps, 389, 478-479; uses 
of, 478-479 

Meridian, magnetic, 413 

Mesons, 573; production of, 584 

Metallurgy, 4525 electro-, 464 

Metals, extraction of, 463-465; fatigue of, 
10; as heat conductors, 257; heat-treating, 
562; plating, 462; refined by electrolysis, 
464; tensile strength of, see Appendix 

Meter, 13; electric, 492; exposure, 565; foot- 
candles, 334; gas, 84-85; kilowatt-hour, 
492: standard, 65, 19; Venturia 591; 
watt-hour, 483, 492 

Metric-English equivalents, 
dix B 

Metric system, 
English system, 14 

Metric ton, 14 

Michelson, Albert, 327, 331 

Microfarad, 428, 519 

Microhenry, 520 

Micrometer, 179 

Micrometer caliper, 193 y 9 

Microphone, 289, 547; operation of, 542- 
543; in television studio, 552 

Microscope, compound, 372-373; electron, 5, 
Loros aE roagnifying power of, 372-873 

Midway, U.S.S.» 40 


see Appen- 


13-14; comparison with 


Mile-long tube, 331, 332 

Miller, Dayton C., 318 

Millibars, 59-60 

Millihenrys, 520 

Millimeter, 13 

Mils, 444; circular, 444 

Mirrors, 341-349; concave, 344-348; convex, 
344-348; curved, 344-349; focal length of, 
$44, 349; images in, 341-343; parabolic, 
349; plane, 342-343; plate-glass, 343; 
spherical, 345; spherical aberration of, 
348-349 

Miscible, 103 

Mixtures, method of, 233-234 

Mobile, 6 

Moderator, 573 

Modulated r.f. carrier signal, 544 

Modulation, 543; of signals, 550 

Molecular forces, 95-105; in liquids, 99 

Molecular motion, 91-92; in gases, 92-93; 
in liquids, 94-95; in solids, 95 

Molecules, 5, 573; force of attraction be- 
tween, 96; in liter of air, 5; of salt, 5 

Moment of force, 127 

Moments, center of, 128 

Momentum, 148 

Monochromatic, 388 

Monsoon, 264 

Moon, eclipse of, 329; light from, 327; 
reflects radar signals, 571 

Morse, Samuel F. B., 457, 458 

Morse code, 458-459 

Motion, 137; accelerated, 138, 139-141; 
curvilinear, 137, 153-154; laws of, 147- 
153; reciprocating, 201; rectilinear, 137; 
retarded, 141-142; rotary, 130; trans- 
latory, 130; uniform, 138; variable, 138 

Motion pictures, 378-380; projection of, 
378-379; sound, 379-380 

Motor rule, 510 

Motor-generator, 522 

Motors, 498; alternating current, 511-512; 
direct current, 511; electric, 509-514; in- 
duction, 511-512; series-wound, 511; water, 


198 
Mount Wilson, observatory, 331; telescope, 
373, 376 k 
Music, differs from noise, 308; quality of, 
306-311 


Musical instrumen ts, 312-319 


Musical seale, 306-307 


Navy Hell-Diver, 600 
Nearsightedness, 365 


Needle, dipping, M14 
Negative plate, of voltaic cell, 437 


Neon, in gas-filled diodes, 530 
Neon lamps; 479-480 

Neon signs; 531-532; colors of, 532 
Neon tubes, 385 

Neptunium, 58: 
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Neutral atom, 577 

Neutrons, 573, 6, 420; given out during 
fission, 582 

Newton, Sir Isaac, 112, 147, 325; unit of 
force, 114 

Newton’s law of cooling, 269 

Niagara Falls, floodlighting, 382 

Nichrome, 452, 472 

Nickel-cadmium storage battery, 468, 469 

Nobel prize, won by Marie Curie, 576; won 
by Roentgen, 565 

Nodes, of vibrating string, 310-311 

Noise, differs from music, 308 

Non-condensing engines, 275-276 

Non-ecrystalline substances, fusion of, 235 

Non-polarizing cells, 441 

Normal, of mirrors, 344 

North Geographic Pole, 413 

North Magnetic Pole, 413 

Northrup Flying Wing, Turbo-jet engine 
of, 279 

Nuclear energy, a source of heat, 208 

Nuclear equation, for radium disintegra- 
tion, 577 

Nuclear fission, 579-584 

Nuclear physics, 4 

Nuclear reactions, 174 

Nuclear reactors, 573, 175, 582, 583 

Nucleus, 6; of atoms, 573 


Observatory, Mt. Wilson, 331 

Ocean, determination of depth of, 296 

Octagonal, 325 

Octagonal mirror, 331 

Octave, 306 

Oersted, Hans Christian, 452, 453, 498 

Oersted unit, 409 

Ohm, Georg Simon, 443 

Ohm, unit of electrical resistance, 442, 425 

Ohm/’s law, 442-443; for alternating cur- 
rent, 521 

Old Faithful Geyser, 208 

Onnes, Kamerlingh, 226, 443 

Opaque substances, 328 

Opera glasses, 376-377; magnifying power, 
377 

Ophthalmoscope, 348 

Optical center, of lenses, 359 

Optical illusions, 369-370 

Optical instruments, 364-387 

Orbits, 573 

Organ, Hammond, 313-314, 319 

Organ pipes, 312-313; overtones of, 313 

Orion, 327 

Orthicon, image, 552 

Oscillation, 137, 537; center of, 146 

Oscillator, 527; crystal, 537-538; r.f., 549; 
triode as, 537 

Oscillograph, 306, 318 

Oscilloscopes, cathode ray, 540, 544 

Osmosis, 91, 94-95; importance of, 95 
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Osmotic pressure, 95 

Output, of machines, 180 

Output stage, 547 

Overdrive, automobile, 596 

Overload, in wiring circuit, 473—474 

Overtones, 306, 310; in pipes, 313 

Oxidizing agent, in voltaic cell, 441 

Oxygen, atom, 6, 574; preparation by elec- 
trolysis of water, 461 


Paint, luminous, 575-576 

Parabolic mirror, 349 

Paraffin, solidification of, 235, 237 

Parallel forces, 126; equilibrant of, 128 

Parallel grouping, of electric cells, 447-448 

Parallel wiring, results of, 489-490; wide 
use of, 491 

Parallelogram of forces, 116 

Paramagnetic, 406 

Pascal, Blaise, 31, 52 

Pascal’s law, 31-32 

Pasteur, Louis, 372 

P.D., 426 

Pelton water wheel, 197, 198, 277 

Pendulum, 145-147; center of oscillation, 
146; center of percussion of, 146; center of 
suspension, 145; compensated, 222, 223; 
compensating rod, 222; compound, 145; 
displacement of, 145; laws of the, 145-146; 
mercury-type, 222; use of, 146-147 

Penstock, 179, 198, 199 

Pentode, 539; symbol for, 540 

Penumbra, 325, 329 

Percussion, center of, 146 

Period, of pendulum, 145 

Periscope, 357 

Permalloy, 405, 407 

Permanent magnets, 407 

Permeability, magnetic, 410-411 

Permeable, 405 

Perspiration, cooling effect of, 246 

Petroleum, coefficient of expansion of, 224; 
fractionation of, 244, 245 

Phonodeik, 318 

Phonograph records, how made, 315-316; 
how reproduced, 316; master, 315 

Phosphorescence, produced by gamma 
rays, 577; produced by X rays, 566; of 
radium salts, 576 

Phosphorus, radioactive, 583 

Photocell, 564 Q 

Photoelectric cells, 364, 380; of television 
camera tube, 552 

Photoelectric effect, 529 

Photographic plates, and X rays, 566 

Photographs, X-ray, 567, 568 , 

Photography, color, 394; improvements 1n, 
394 

Photometer, 325; Bunsen, 335; Joly, 335- 
336; spherical, 336 

Photometry, 332-336 
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Potente al of phonograph record, 

Photons, 326 

Photosphere, of sun, 395 

Photosynthesis, 584 

Phototubes, 529; circuit of, 564; industrial 
uses of, 563-564 

Photovoltaic cell, 564; operation of, 565 

Physical change, 5,7 

Physics, subdivisions of, 4 

Piano, 306 

Picture carrier, 552 

Picture signal, transmitting, 554 

Pigments, mixing, 392 

Pinhole camera, 342, 368 

Pinion shaft, automobile, 594 

Pipette, 64 

Piston, 19; of car hoist, 34; of compression 
pump, 70; of gasoline engine, 280; of 
hydraulic press, 33; of lift pump, 77; of 
steam engine, 274; of vacuum pump, 

Pitch, 300-301; concert, 308; international, 
308; of screws, 192; standard, 308 

Pitchblende, 575 

Planck, Max, 326 

Plane, inclined, 189, 190 

Plane mirrors, uses, 343 

Plastics, 231, 235 

Plate current, in triodes, 535-536 

Plates, vibration of, 314-315 

Plating, of metals, 462 

Platinum, “ductility of, 11 

Platinum-barium cyanide, on fluoroscope 
screen, 567 

Plutonium, 582; fission of, 582 

Pneumatic appliances, 76-85 

Pneumatic caisson, 72 

Pneumatic dispatch, 72-73 

Pneumatic tires, 71 

Pneumatic trough, 

Pneumatics, 49 

Point-to-point communication, 541 

Polariscope, 399 

Polarity, 406; of electromagnet, 455 

Polarization, 435; in yoltaic cell, 440-441 

Polarized light, 388, 398-399; uses of, 399- 
401 

Polarizing crystal, 399 

Polaroid glass, 401 

Poles, of the earth, 413; 

Polonium, 579 

Polychromatic light, 383, 390 

Ponds, formation of ice in, 2 

Porosity, 8 

Positive plate, of 


Positron, 573 y 
Potassium dichromate, in voltaic cell, 441 


Potassium hydroxide, in Edison storage 


battery, 468 ; f 
Potential, electric, 426; fall of, 487-488 
Potential energy: -173 


of magnets, 406-412 


voltaic cell, 437 


Pound, 114 

Pounding, of water in pipes, 86 

Power, 169, 170; measurement of, 170 

Power factor, 522 

Power shovel, 196 

Power stage, 547 

Power transmission, 199-201, 514-516 

Precipitation, causes of, 253 

Press, hydraulic, 33 

Pressure, 19; absolute, 84; atmospheric, 52; 
barometric, 50, 59; critical, 248; effect on 
boiling point, 241-242; laws of liquid, 21; 
of liquids, 19-28; measurement of, 19, 24; 
measurement of gas, 83-84; osmotic, 95; 
standard, 65; of water, 20 

Pressure cooker, 242 

Prevost, Pierre, 233 

Primary cell, 460 

Primary coil, 498 

Primary colors, 390-391 

Primary rainbow, 397 

Printing, four-color, frontispiece, 392, 304 

Prisms, 388, 390, 394-395; right-angle, 357 

Projectile, path of, 149-150 

Projector, motion picture, 379; slide-film, 
$77, 378 

Proof-plane, of electroseope, 418, 421, 423 

Propeller, of airplane, 600, 601 

Properties, of substances, 7 

Proportion, direct, 21-22; inverse, 21-22 

Protective coloration, 370-371 

Protons, 420, 573, 6; from outer space, 584 

Proximity fuse, 530 

Pulleys, 185-187; combinations of, 186-187; 
differential, 195, 196; mechanical advan- 
tage of, 186-187; uses of, 186 

Pulsating direct current, 531, 537 

Pumps, aspirator, 68; centrifugal, 78; com- 
pression, 70; exhaust, 67-68; force, 77, 78; 
lift, 76, 77; vacuum, 67-69 

Pupil, of eye, 365 

Pupin, Michael, 290 

Pycnometer, 44 

Pyrene extinguisher, 80 

Pyrex glass, 219-220 


ality, of music, 306-311 
PrE theory, of light, 326 
Quart, dry, 14 
Quartz crystals, 

circuits, 537-538 
Queen Elizabeth, 40 


104, 538; use in oscillator 


Radar, 568-571; uses of, 569 

Radar screen, 569, 

Radar signals, reflected by moon, 571 

Radar system, diagram of, 569 A 

Radiations, 268; detection of, 577; laws of, 
269; effect of magnetic field on, 577; from 
radioactive materials, 576-578 


Radiator valve, operation of, 220 
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Radio, superheterodyne, 537; use in airplane 
navigation, 605-607 

Radio broadcasting, 541-545; AM, 541, 
542-545; FM, 541, 549-550 

Radio compass, operation of, 568 

Radio range, 605-606 

Radio receivers, AM, 548-549; crystal, 546; 
FM, 550-551 

Radio spectrum, 542 

Radio waves, producing, 544-545; in radar, 
569; reflected by ionosphere layer, 545; 
speed of, 545 

Radioactive isotopes, 580; use in medicine, 
583 

Radioactive materials, produced artifi- 
cially, 580-581; radiations from, 576-578 

Radioactivity, 575, 576-579; measurement 
of, 577 

Radio-beacon stations, 568 

Radio-frequency, 309 

Radio-frequency heating, 561 

Radio-frequency signal, 543 

Radiometer, 268 

Radium, discovery of, 575; gives off heat, 
576; physiological effects of, 576; price of, 
576; properties of, 575-576 

Radium atoms, disintegration of, 578-579 

Radium bromide, 575 

Radium salts, produce fluorescence, 575-576 

Radon, formed by disintegration of radium, 
579 

Rain, artificially produced, 62 

Rainbow, cause of, 396, 397; primary, 397; 
secondary, 397 

Ramps, use of, 189 

Range finders, 368 

Rarefactions, of sound waves, 294 

Ratio detector, in FM receivers, 551 

Rayon, making, 157 

Rays, gamma, 576-577; infra-red, 389, 393, 
394; of light, 329; Roentgen, 565 

Reaction, 151-152; chain, 573, 582, 583 

Reactors, nuclear, 573, 175, 582, 583 

Real images, 341 

Rebound, angle of, 98; law of, 97-98 

Receivers, AM, 548-549; crystal, 546; FM, 
550-551; superheterodyne, 548, 549; tele- 
vision, 555, 556, 557; tuned radio-fre- 
quency, 546-547 

Reciprocating, 179 

Reciprocating motion, 201, 274-275 

Rectification, 528 

Rectifiers, diode, 559, 561; dry-disk, 
ignitron, 560; Tungar, 531 

Rectilinear lenses, 371 

Rectilinear motion, 137 

Refining metals, by electrolysis, 464-465 

Reflection of light, 327-328, 339-350; angle 
of, 339; diffused, 340; law of, 339; multiple, 
343; regular, 339-340; total, 356-357 

Reflection of sound, 295-298 


522; 
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Reflectors, light, 348 

Refraction, 289, 352-363; angle of, 352- 
353; atmospheric, 356; causes of, 353-354; 
laws of, 355 

Refractive index, 354-355, see also Appen- 
dix B; of glass, 354; uses of, 354-355; of 
water, 354 

Refractometer, 354-355 

Refractory, 483 

Refrigerant, 248 

Refrigerator, 249; electric, 247-248; gas, 
248; a heat insulator, 261 

Regelation, 236 

Relative humidity, 252-253, 262 

Relativity, theory of, 326, 579 

Relay, telegraph, 457, 459 

Republic Thunderjet, turbo-jet engine of, 
279 

Residual magnetism, 407 

Resistance, laws of, 443-444; measurement 
of, 493-494; of voltaic cells, 444-445 

Resistance box, 483 

Resistance coils, 484, 486 

Resistance furnace, 480 

Resistance thermometer, 212 

Resolution of forces, 117-125; application 
of, 119-120 

Resonance, 302 

Resonator, 302; Helmholtz, 319 

Resultant, 111; of forces, 115; of forces in 
straight line, 115; of forces at right angles, 
116; of forces at any angle, 116-117 

Retarded motion, laws of, 139, 141-142 

Retentivity, of magnets, 407 

Retina, of eye, 364 

Retinal fatigue, 392 

Reverse gear, 595 

Reynolds, Milton, 122, 170 

R.f. amplifier, 547 

Rheostats, 483, 486; use in D.C. motors, 
513 

Right-hand rule, 453; for electric currents, 
454; for electron beams, 534; for generators, 
501; for magnets, 455 

Robot bombs, V-1, 152 

Rock drills, 73 

Rock wool, 259 

Rocket bomb, V-2, 152 

Rockets, 61, 62-63, 153 

Roemer, 330-331 

Roentgen, William Konrad, 565 

Roentgen rays, 565 

Roller bearings, 161 

Rolling mill, 12 

Rosin, 160 

Rotary converter, 522 

Rotary motion, 130 

Rotor, 272, 507; of generator, 507; of induc- 
tion motor, 511; squirrel-cage, 511; of 
steam-turbine, 278, 279 

Rubidium, discovery of, 396 
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Rudder, of airplanes, 603 
Rueprecht balance, 114 
Rust inhibitor, 590 
Rutherford, Ernest, 577, 580 


Saccharimeter, 399 

Safety factor, 99 

Sailboat, motion of, 119, 120 

Salt, structure of, 5 

Sault Ste. Marie Canal, 27 

Sawdust, poor conductor of heat, 257 

Sawtooth nai alternating voltages, 
54 

Saxophone, 314 

Scale, chromatic, 307; diatonic, 306-307; 
tempered, 307 

Scales, platform, 204 

Scanning, interlaced, 553, 557 

Science, 3 

Screen grid, 538-539 

Screws, 191-193; mechanical advantage of, 
192; uses of, 192 

Sea breeze, 264 

Seaplane, 122 

Searchlights, 348 

Second gear, 595 

Secondary cell, 460 

Secondary coil, 498, 500 

Secondary emission, 5: 

Self-exciting generator, 508-509 

Self-induction, 498, 501-502 

Semi-conductors, electric, 419 

Semitones, chromatic, 307 

Sequential transmission color system, 
556-558 

Series grouping, 

Series motor, 51 

Series wiring, results of, 488-489 

Series-wound generator, 5 

Series-wound motor, 511 

Sewing machine, 201 

Shadows, cause of, 329 

Shears, tinner’s, 182 

Sheaves, of pulley, 86 T 

Ships, radar on, 569, 570; radio compass 
navigation of, 568 

Short circuit, 47: 74 

Shovel, power, 196 

Shunt, 4835 low-resistance, 48! } 

Skant eirouite, 999; ea? carried by, 
490-491 

Shunt motors, 511 

Shunt-wound ge 

Shunt-wound motor, 511, 513 , 

Silicon carbide, furnace for making, 480 

Silver iodide, 62 

Simple machines, enc} 

Simultaneous transmission 


of electric cells, 445-446 


efficiency of, 193 
color s5y5- 


Sines, table of, see Appendix B 
Singing flames, 308- 


— 78-19; aspirating, 86; intermittent, 

Siren, 300 

Size, how judged, 367 

Skin, a thermostat, 246 

Skip distance, 545 

Sky rocket, 153 

Sky waves, 544 

Slip-rings, of generator, 504 

Slug, 114 

Snorkel, 81 

Sodium, atoms, 420, 574 

Sodium chloride, atoms in, 421 

Sodium vapor lamps, 479 

Solenoid, 454 

Solidification, 235; volume change with, 
235-236 

Solids, 6; adsorb gases, 104; cohesion in, 96; 
conduct heat, 256-257; diffusion of, 95; 
evaporation of, 241; expansion of, 217-222; 
molecular motion in, 95; specific gravity of, 
43-44, see also Appendix B; transmit 
sound waves, 290 

Solute, 103 

Solution, nature of, 102-103 

Solvent, 102 

Sonar, 288 

Sonometer, 310 

Sound, 4, 289-321; analysis of, 318-319; 
beats, 303; differences in, 298; insulation 
against, 291-292; intensity, 298-299; loud- 
ness of, 298-299; measurement of, 299-300; 
overtones, 310; pitch of, 300-301; produced 
by vibrating membranes, 315; quality of, 
309-311; reflection of, 295-298; source of, 
289; velocity of, 292, see also Appendix B 

Sound levels, 299 

Sound ranging, 292-293 

Sound track, of motion pictures, 380 

Sound waves, 289-295; crest of, 294; differ 
from light waves, 326; graphic representa- 
tion of, 317-318; interference of, 302-303; 
longitudinal, 294; measurement of, 294; 
photographs of, 296-298; progression of, 


Sounding, of ocean, 29 


Spark coil, operation of, 502, 503 

Speaking tube, 299 7 

Specific gravity, 42; and density, 42-46; 
determination of, 43; importance of, 45—46; 

44-45; of solids, 43-44; of solids 
and liquids, see Appendix B 

Specific heat, 232; measurement of, 233- 
234; of water, 234 

see Appendix B 

Spectra, X-ray, 566-567 

Spectral chart, facing page 396 


Spectroscope> 395, 396 


xxviii 


Spectrum, 388; absorptive, 395; bright-line, 
395; continuous, 394-395; dark-line, 395; 
discontinuous, 395; radio, 542; solar, 388 

Spectrum analysis, 396 

Speed, 138 

Speed counter, 202 

Speedometer, 156 

Spherical aberration, 348-349; of lenses, 
361 

Spherometer, 192, 193 

Spontaneous transmutation, 579 

Spring balance, 113 

Sprocket wheels, 195 

Square centimeter, 14 

Square meter, 14 

Squirrel-cage induction motor, 512 

Squirrel-cage rotor, 511 

Stability, how secured, 131-132 

Stabilization, of airplanes, 602-605 

Stabilizer, 602 

Standard meter, 65, 13 

Standard pitch, 308 

Standard pressure, 65 

Standard temperature, 65 

Standpipe, 25, 26 

Stars, diameter of, 327 

Static electricity, 417-432; differs from 
current electricity, 435 

Stationary front, 60 

Stator, 272, 507; of induction motor, 511; 
of steam turbine, 278 

Steam, 244-245 

Steam boilers, 276-277 

Steam engines, 274-276; condensing, 276; 
types of, 275-276 

Steam turbines, 277-278 

Steel, demagnetized, 407-408 

Sterilizers, ultra-violet, 478 

Stethoscope, 299 

Still, 244, 245 

Stoker, automatic, 276 

Storage battery, automobile, 597-598; 
charged with Tungar rectifiers, 531; Edison, 
468; nickel-cadmium, 468, 469 

Storage cells, advantages and disadvan- 
tages of, 469-470; charging, 467; lead, 466- 
467; principle of, 466; uses of, 471 

S.T.P., 65 

Strain, 96; and stress, 98 

Stratosphere, 62 

Streamlining, of airplanes, 602 

Strength of materials, determination of, 
98-99 

Stress, 96; and strain, 98 

Stringed instruments, 312 

Strings, laws of, 311-312; vibration of, 
311-312 

Sublimation, 241 

Submarine, 80, 81, 82 

Suction pump, 68, 76 

Sulfation, 452 
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Sulfur, atoms, 574 

Sulfur dioxide, 231; use in refrigerators, 248 

Sun, chromosphere of, 395; eclipse of, 329; 
photosphere of, 395; a source of heat, 207 

Sun lamps, 532 

Supercharger, of airplane engine, 605 

Supercooled water, 253 

Superficial, 217 

Superficial expansion, coefficient of, 218 

Superheterodyne circuit, in television re- 
ceivers, 556 

Superheterodyne receiver, 548; diagram 
of, 548; operation of, 548-549 

Superhets, 548 

Supersonic, 63, 288 

Suppressor grid, 539 

Surface tension, 91, 99-100 

Sweep circuits, television, 556 

Switch, electric lighting, 496; knife, 474 

Symbols, cathode, 529; filament, 529; for 
pentode, 540; for tetrode, 540 

Sympathetic vibrations, 301-302 

Synchro-mesh transmission, 594, 595 

Synchronizing signals, 553, 556 

Synchrotron, 581 

Synthesis, 388 


Tachometer, 608 

Tambourine, 315 

Tangents, table of, see Appendix B 

Tank, Army, 112 

Tantalum, in lamps, 476 

Telegraph, invention of, 457 

Telegraph instruments, how connected, 459 

Telegraph key, 457, 458 

Telegraph relay, 457, 459 

Telegraph sounder, 457, 458 

Telephone, 516, 517, 518; operation of, 
516-517 

Telephone receiver, 517, 518 

Telephone system, local-battery, 518 

Telephone transmitter, 517 

Telescopes, field, 377; Lick, 374; magnify- 
ing power of, 373; Mount Wilson, 376; 
reflecting, 373; refracting, 373; terrestrial, 
376; 200-inch, 375 

Teletype, 460 

Television, closed-circuit, 559; color, 556- 
559; interference of, 555; sequential color 
system, 556-558; simultaneous color sys- 
tem, 558 

Television antennas, 555, 556 

Television broadcasting, 541, 551-552 

Television camera, 552-553, 558 

Television camera tube, 552 

Television channels, 551 

Television picture, 540 

Television picture tube, 534 

Television receivers, 555-556; antennas for, 
541, 555, 556; chassis of, 557; color adapter 
for, 558; diagram of, 556 
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Television signals, reception of, 551-552 
Television studio, control room of, 553, 554 
Television transmitter, 552 
Television transmitting antenna, 
of, 554-555 
Temperature, 
248; differs 
standard, 65 
Tempered scale, 307 
Tempering, 12-13 
Tenacity, 10, 96 
Tensile strength, 10, 
Appendix B 
Tension, surface, 91, 99-100 
Terrain clearance indicator, 
Terrella, Gilbert’s, 413 
Terrestrial magnetism, 412-415 
Tetrode, crystal, 539; symbol for, 540 
Tetrode tube, 538-539 
Thales, 417 
Theory, 3; of color, 391; corpuscular, 325; of 
electricity, 419-421; electromagnetic, 326; 
electron, 420; Franklin's, 419-420; kinetic, 
91; of light, 325-326; of magnetism, 4ll- 
412; quantum, 326; of relativity, 579; 
Young-Helmholtz color, 391 
Thermionic emission, 28; representation 
of, 528 
Thermo-couple, 212 
Thermograph, 207, 214 
Thermometer, air, 209-210; 
clinical, 272-213; construction of, 210-211; 
differential, 268, 2695 fixed points of, 2115 
gas, 212; graduation of, 210-211; maxi- 
mum, 213; maximum-minimum, 213, 214; 
mercury, 210, 212; metallic, 221; minimum, 
213; platinum resistance, 212; wet-and-dry 


range 


207; absolute, 226; critical, 
from heat, 209; graph, 214; 


96; of metals, see 


56, 607-608 


alcohol, 212; 


bulb, 253 
Thermos bottle, 250, 260 : 
Thermostat, 217, 219, 221; of automobile 


engine, 590 
Thomson, Sir William, 207 
Thorium, 57 
Threads, of screw, 191-192 | 
Throttle, of automobile engine, 591 é 
Thyratrons, for motor control, 560; uses of, 
559-560 
Timbre, 306 
Time, measurement of, 15 
‘Timer, automobile engine, 
Tires, automobile, TL 
Tornado, 111 
Torque, 127; of motor armature, 
Torque converters» 594 
Torricellian tube, 
Torricelli’s experimen’ 51 
Torsion, elasticity 1, i 
Total reflection, of light, 356-357 
Tourmaline crystals, polarize light, 
399 
Traction, elasticity of, 96 
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Tractor, caterpillar, 158, 159; farm, 172 

Trade winds, 264 

Train, streamlined, 138 

Trajectory, 150 

Transformers, 498, 514; coils of, 515; oper- 
ation of, 514-515; output, 547; step-down, 
514; step-up, 514 

Transistor, 538, 539 

Translatory motion, 130 

Translucent substances, 328 

Transmission, automobile, 594, 595; syn- 
chro-mesh, 594, 595 

Transmission gears, 589 

Transmitter, AM, 543; FM, 550; tele- 
vision, 552 

Transmitting antenna, 
544; television, 554-555 

Transmutation, artificial, 580 

Transparency, magnetic, 410 

Transparent substances, 328 

Transverse vibration, 293 

Trap, for sinks, 86 

T.r.f. receiver, 546-547 

Triad, major, 306 

527; DeForest, 534, 535, 536-537; 

535; use as detectors, 536- 
537; use as oscillator, 537 

Triode amplifier, circuit of, 537 

circuit of, 537, 538 

Tritium, atom, 574; nucleus of, 574 

Troposphere, 62 

Tubes, capillary, 102; cathode-ray, 539, 540, 
541; cold cathode, 599; electronic, 522-523, 
527-528, 530, 559; gas-filled triode, 559- 
560; metal-envelope, 559; subminiature, 
530; television camera, 552; television pic- 
ture, 541; X-ray, 564, 565, 566 

Tuned radio frequency amplifier stage, 
54T 

‘Tuned radio frequency receiver, 546-547 

Tungar diode, circuit of, 531 

Tungar rectifier, 531 

Tungsten, ductility of, 11; in electrio lamps, 


471 
Tungsten lamp, 476-477 
Tuning circuits, need for, 546-547 


Tuning fork, 289 

Tunnels, Brooklyn-Battery, 74; carbon mon- 
oxide in, 74; Hudson River, 73; vehicular, 
73-74; ventilation of, 73-74; wind, 600 

Turbine, 272; Curtis, 278; steam, 277- 278; 
water, 

Turbo-jet engine; 278-280 

‘Turn-and-bank indicator, 607 

Turnbuckle, 202 

‘Tyndall, John, 232 


544; purpose of, 


U-234, 581-582 
U-235, 581-582; fission of, 582 
U-238, 581-582 


Ultramicroscop® 91 


XXX 


Ultrasonic, 288, 290 

Ultra-yiolet rays, from mercury arc lamps, 
478 

Umbra, 328, 329-330 

Unbalanced, 49 

Uniform motion, 138 

Units, of capacity, 14, 519; electrical, 425- 
426, 442; of energy, 173-174; of force, 114; 
of heat, 231-232; of inductance, 520; of 
light, 333-334; of measurement, 13-15; 
of mass, 14; metric, 13-15; of power, 170; 
of time, 15; of work, 167, 169 

Unmodulated carrier signal, 549 

Uranium, 575; isotopes of, 581-582; proper- 
ties of, 581-582 

Uranium ore, deposits of, 576 


Vacuum, 50 

Vacuum cleaner, 70 

Vacuum pans, 69; use of, 242-243 

Vacuum pump, 67-68 

Vacuum tubes, 522-523, 527; envelope of, 
530; first, 527; for converting A.C. to D.C., 
559; operation of, 527-528; tetrode, 538 

Valves, Corliss, 275; radiator, 220; slide, 274, 
275; of steam engine, 275 

Van de Graaff generator, 580, 581 

Vapor, condensation of, 246 

Vapor lamps, 478-479 

Vapor pressure, of water, see Appendix B 

Vaporization, 239, 240-251; heat of, 244— 
246 

Variable condenser, of crystal receiver, 546 

Variable motion, 138 

Vector, 115 

Velocities, composition of, 150 

Velocity, 137 

Ventilation, 261-262; of tunnels, 73-74 

Venturi meter, 124, 591 

Venturi tube, 125 

Venus, 328 

Vernier scale, 54 

Vertex, of curved mirrors, 344 

Vibration, 293-295; of bells and plates, 
314-315; forced, 301; longitudinal, 293; of 
membranes, 315; of strings, 311-312; sym- 
pathetic, 301-302; transverse, 293; of tun- 
ing fork, 289 

Vibrograph, 306, 317 

Video detector, 556 

Video signal, 556 

Virtual, 339 

Virtual focus, of lenses, 358; of mirrors, 344 

Virtual images, 341 

Virus molecules, 5 

Viscose rayon, making, 157 

Viscosity, of oils, 100, 162 

Viscous, 6 

Vise, 192 

Vision, binocular, 368; duration of, 378 

Visual angle, 367 
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Vocal chords, 315 

Volt, 425, 442 

Volta, Alessandro, 429, 436 

Voltage, of electric cells, 444; sawtooth- 
shaped alternating, 541 

Voltaic, 435 

Voltaic cells, 436, 440; chemical action in, 
439; defects of, 439-440; external resistance 
of, 445; grouping of, 445-448; internal 
resistance of, 445; local action in, 440; 
polarization of, 440-441; resistance of, 
444-445; theory of action in, 439 

Voltmeter, 483, 485, 486; operation of, 484; 
variable-range, 485 

Volume, 7; change upon solidification, 235- 
236; of irregular solid, 8; unit, 226; zero, 226 

Von Nardoff’s color apparatus, 391 

V-type engine, 589, 590 


Walton, E. T. S., 580 

Warm fronts, 60 

Washing machine, 156 

Watch, balance wheel of, 221-222 

Water, absorbs gases, 104-105; boiling point, 
241; coefficient of expansion, 224; density 
of, 16, see also Appendix B; displacement, 
37; effect of heat on, 251; electrolysis of, 
460-461; freezing of, 235-236, 238; heat 
of fusion of, 237; heat of vaporization, 
244-245; high specific heat of, 234; a poor 
conductor of heat, 257; pressure of, 20; 
refractive index of, 354; sound ‘transmitted 
by, 290; specific gravity at 4°C, 224; super- 
cooled, 253; supply of cities, 25; unusual 
expansion of, 224-225, 236; vapor pressure, 
see Appendix B; weight, 16, 38 

Water hammer, 143 

Water head, 24 

Water motor, 198 

Water turbine, 199 

Water vapor, capacity of air, see Appendix B 

Water wheel, 197; overshot, 197; Pelton, 
197, 198, 277; undershot, 197 

Watt, James, 155, 170, 171 

Watt, unit of power, 170, 492 

Watt-hour, 483, 492 

Watt-hour meter, 483, 492 

Wave form, on screen of cathode-ray tubes, 
541 

Wave length, and frequency, 542 

Waves, electromagnetic, 268; ether, 325; 
ground, 544; light, 325; longitudinal, 293; 
radio, 544-545; sky, 5443 sound, 289-295, 
317-318; transverse, 293 

Weather forecasting, 57-62 

Weather maps, 58; how interpreted, 60-62; 
how made, 57-60 

Wedge, 190; mechanical advantage of, 190 

Weight, 3, 8, 113; of air, 49 

Weight pressure, 31 

Welding, 231, 235; electric, 473 
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Wells, artesian, 25-26 

Welsbach gas mantle, 575 

Westinghouse, George, 71 

Westinghouse air brake, 71, 72 

Weston standard cell, 442 

Wheatstone bridge, 493, 494 

Wheel, balance, 221, 222; water, 197 

Wheel and axle, 187-188 

Wheelbarrow, 183 

Whispering galleries, 296 

Wilson, C. T. R., 577 

Wilson cloud chamber, 577 

Wimshurst electrical machine, 430 

Winch, 204 

Wind instruments, 314 

Wind tunnels, 600 

Windlass, 188 

Windmill, 197 

Winds, causes of, 263-264; trade, 264 

Wings, of airplane, 599-601 

Wire, copper, properties of, see Appendix B 

Wire-drawing die, 11 

Wires, carrying capacity, 473; overloading, 
473-474 

Wiring, parallel, 489; series, 488-489 


Wollaston, W. H., 395 

Work, 167; measurement of, 167-169; reln- 
tion to heat, 272-274; units of, 167, 169 

Worm gear, 195 

Wright, Orville, 12f 

Wright, Wilbur, 121 

Wright Cyclone engine, 123 


Xenon, in gas-filled diodes, 530 

X rays, 565, 564-567; properties of, 565-567; 
uses of, 567; velocity of, 566; wave lengths 
of, 567 

X-ray machine, chest, 568 

X-ray photographs, 567, 568 

X-ray spectra, 566-567 

X-ray tubes, 564, 565, 566; rotating-anode, 
566 


Yerkes astronomical telescope, 373 
Young, Thomas, 391 
Young-Helmholtz color theory, 391 


Zero, Absolute, 226-227 
Zine chloride, in dry cell, 441 
Zonolith, 259 
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